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Since the first edition was published in 1995, Perinatal 
and Pediatric Respiratory Care has been a foundational neo- 
natal and pediatric respiratory care textbook. We are 
proud to continue that tradition with the fourth edition. 
For this edition, we have changed the title to Neonatal 
and Pediatric Respiratory Care to better reflect the title of 
the national Neonatal/Pediatric Specialty (NPS) creden- 
tialing exam, which has become a requirement in many 
children’s hospitals. 

The fundamental role of the pediatric respiratory thera- 
pist (RT) continues to be redefmed on a daily basis. 
Dr. Dean Hess, editor-in-chief of the journal Respiratory Care, 
has described today’s respiratory therapist as “a technolo- 
gist, a clinician, and a physiologist.” RTs specializing in the 
care of children are an integral part of an autonomous 
health care team. As our health care system changes, these 
individuals will need to be highly professional, have critical 
thinking skilis, and be more involved in critical roles as ex- 
perts in critical and acute care, extracorporeal membrane 
oxygenation (ECMO), air and ground transport, discharge 
coordination, home care, education, health care quality, and 
research. All roles that encompass the respiratory care of 
children require an individual who remains current with the 
changing face of this profession. The proliferation of new 
surgical interventions, discoveries in applied translational 
and clinical research, devices and mechanical ventilator 
technologies, and strategies that are currently being imple- 
mented into practice require dynamic, self-driven clinicians, 
and lifelong learners who are dedicated to providing the 
highest quality care possible. Increases in premature and 
multiple births, as well as paradigm shifts in strategies fo- 
cused at reducing hospital costs and health care spending, 
have led to the growth and development of many neonatal 
special care or intensive care units across the nation. RTs 
working outside of free-standing children’s and university 
hospitals, many of whom have typically cared for adults, are 
now often called to support newborns at high-risk deliveries 
or to manage pediatric patients in respiratory distress. With 
advance practice roles becoming the norm, practitioners 
are faced with more challenging decisions that require 
collaboration, teamwork, and sharp critical thinking skilis. 
These attributes, coupled with a better understanding of 
evidence-based practice and technologically advanced 
equipment, will positively affect patient outcomes and raise 
future ethical debates. 

We believe that Neonatal and Pediatric Respiratory Care, 
fourth edition, will provide you with the tools and knowl- 
edge to improve the respiratory care of neonates, infants, 
and children regardless of your education, experience, or 
the environment in which you work. 


AUDIENCE 

Although principally designed as a textbook for the respi¬ 
ratory care student and practitioners new to the field, this 
book is also intended to be detailed enough to serve as a 
current desktop reference for the experienced practitioner 
engaged in mastering the practice of respiratory care in 
infants and children, regardless of professional discipline. 
This textbook may also serve as a study guide for the 
National Board for Respiratory Care’s (NBRC) specialty 
examination concerning the respiratory care of neonatal 
and pediatric patients. For convenience, the Evolve 
Resources for this edition include a correlation guide 
for the NBRC’s Neonatal/Pediatric Respiratory Care 
Specialty Examination. 

New to this Edition 

The publisher and editors of this textbook have taken a 
more focused approach to satisfying some of the essential 
features that are needed to help guide educators and stu¬ 
dents at the collegiate level. This fourth edition introduces 
the following: 

• The text is now presented in full color with major 
updates to the art program. 

• The combination of several chapters create a compres- 
sive look at several diseases or themes. 

Revisions to all the chapters reflect the latest updates in 
scientific literature. 

■ A new chapter titled “Quality and Safety” has improved 
the well-rounded character of the book. 

■ Measurable learning objectives, key terms, and key 
points have been added to each chapter. The objectives 
are designed to succinctly guide the student to key areas 
of importance and mastery of chapter content. 

Each chapter concludes with a series of multiple-choice 
assessment questions. Answers can be found on the 
Evolve website at http://evolve.elsevier.com/Walsh/ 
neonatal. 

LEARNING AIDS 

Evolve Resources—http://evolve. 
elsevier.com/Walsh/neonatal 

Evolve is an interactive learning environment designed to 
work in conjunction with this text. Instructors may use 
Evolve to provide an Internet-based course component 
that reinforces and expands the concepts presented in 
class. Evolve may be used to publish the class syllabus, 
outlines, and leeture notes; set up “virtual office hours” 
and e-mail communication; share important dates and 


X 




Preface 


XI 


information through the Online class calendar; and en- 
courage student participation through chat rooms and 
discussion boards. Evolve allows instructors to post exams 
and manage their grade books Online. 

For the Instructor 

For the instructor, Evolve offers valuable resources to help 
them prepare their courses, including the following: 
PowerPoint leeture for each chapter 

• A test bank of approximately 800 questions in ExamView 

• An image collection of the figures from the book avail- 
able in PowerPoint presentations for each chapter 
National Board for Respiratory Care (NBRC) Neonatal/ 
Pediatric Respiratory Care Specialty (NPS) examination 
correlation guide 

For Students 

For students, Evolve offers valuable resources to help them 
succeed in their courses, including the following: 

• Answers to Assessment Questions and Case Studies 
NBRC Neonatal/Pediatric Respiratory Care Specialty 
(NPS) examination correlation guide 

For more information, visit http://evolve.elsevier.com/ 
Walsh/neonatal or contact an Elsevier sales representative. 
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Fetal Lung Development 


ROBERT L. JOYNER, JR. 

OUTLINE 

Phases of Lung Development 

Postnatal Lung Growth 

Embryonal Phase 

Factors Affecting Prenatal and Postnatal Lung Growth 

Pseudoglandular Phase 

Abnormal Lung Development 

Canalicular Phase 

Pulmonary Hypoplasia 

Saccular Phase 

Alveolar Cell Development and Surfactant Production 

Alveolar Phase 

Fetal Lung Liquid 

LEARNING OBJECTIVES 

After readiag this chapter the reader will be able to: 


1. List the five stages of fetal lung development and the 

5. Discuss the role of the type II pneumocyte in surfactant 

gestational age at which they occur 

production 

2. Explain the key steps of each stage of fetal development 

6. Discuss the various physiological functions of surfactant 

3. Identify the gestational age during which extrauterine 

7. Explain how fetal lung liquid differs from amniotic fluid 

viability occurs, and explain why it cannot occur earlier 

and describe how it is cleared during and after labor 

4. Identify several conditions that lead to abnormal lung 


development and injury 


KEY TERMS 


Fetal lung fluid 
Lamellar bodies 
Oligohyd ramnios 
Primary germ layers 


Pseudoglandular Secondary crests 

Pulmonary acinar units Surfactant 

Pulmonary hypoplasia 
Saccules 


At birth, the lungs become the source for gas exchange be- 
tween the external environment and the biood. External 
respiration through the lungs becomes essential to the sur- 
vival of the newborn. Fetal lung development is progressive, 
and at birth the lungs have reached only that degree of mor- 
phological, physiological, and biochemical maturity re- 
quired for basic functioning to support extrauterine life. In 
other words, lung development is not complete at birth: The 
newborn lung continues to undergo differentiation and 
growth well beyond birth. 1 ’ 2 Fetal lung development is not 
considered complete until the alveoli possess an adequate 
surface area for gas exchange. The pulmonary vascular 


system must also have sufficient capacity to transport an 
adequate amount of biood through the lungs for carbon 
dioxide and oxygen exchange. The alveoli need to be struc- 
turally and functionally stable and sufficiently elastic and 
resilient to endure the cyclical stretching associated with 
tidal breathing and crying. 

What is known about the normal development of the 
human lung originates from Reid’s anatomical descrip- 
tion of the developing human lung. From this description 
the following can be ascertained: 

The bronchial tree develops by week 16 of intrauterine 

life. 


1 
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After birth the alveoli develop in increasing numbers until 
the age of 8 years and increase in size until growth of 
the chest wall is finished. 

Preacinar arteries and veins develop after the airway has 
been established; intra-acinar vessels develop after the 
alveoli are generated. 3 

Although the criteria listed here are generally agreed on, 
research interest in the mechanics of fetal lung develop¬ 
ment continues to be kindled by the desire to prevent 
acute and chronic lung injury in premature infants. 
This interest is currently centered on the biochemical and 
genetic mechanisms of cellular repair in the immature 
lung that permit recovery of injured lungs in premature 
infants. Another topic of focus concerns the complex 
process of geometric growth and alveolar development. 4 " 6 

As stated earlier, birth does not signal the end of lung 
development. A remarkably complex process of growth 
occurs after birth, accommodating differing proportions 
of airway size, alveolar size, and surface area. The full-term 
infant, with an estimated 50 million alveoli, has the poten¬ 
tial to add another 250 million alveoli and increase its 
total alveolar surface area from approximately 3 to 70 m 2 
at maturity. More than 40 different cell types, with many 
different functions, are found in the lung. Adding to this 
complexity are growth factors, which are responsible for 
normal cell and structural development and affect various 
aspects of prenatal and postnatal lung function, growth, 
and structure. 

PHASES OF LUNG 
DEVELOPMENT 

In humans there are five well-recognized phases of lung 
development: embryonal, pseudoglandular, canalicular, 
saccular, and alveolar (Table 1-1). 11 Next you will find a 
description and important milestones of progression for 
each phase. 


TABLE 1-1 


Classification of Phases of Human Intrauterine Lung 
Growth 


Stage 

Time of 
Occurrence 

Significance 

Embryonal 

Day 26 to 
day 52 

Development 
of trachea and 
major bronchi 

Pseudoglandular 

Day 52 to 
week 1 6 

Development of 
remaining 
conducting airways 

Canalicular 

Week 1 7 to 
week 26 

Development of 
vascular bed and 
framework of 
respiratory acini 

Saccular 

Week 26 to 
week 36 

Increased complexity 
of saccules 

Alveolar 

Week 36 to 

term 

Development of 
alveoli 


Embryonal Phase 

The embryonal phase includes primitive lung develop¬ 
ment and is generally regarded to encompass the first 
2 months of gestation. The lung begins to emerge as a bud 
from the pharynx 26 days after conception (Figure 1-1). 
This lung bud elongates and forms two bronchial buds 
and the trachea, which then separate from the esophagus 
through the development of the tracheoesophageal 
septum. Further subdivisions occur in an irregular, 
dichotomous way until the end of the embryonal stage. By 
this time, the major airways have developed. Various 
growth factors and fibroblasts mediate morphogenesis 
of the tubular epithelium, which results in airway branch- 
ing: 10 on the right and 9 on the left. 1 The left and right 
pulmonary arteries form plexuses even before the heart 
descends into the thorax. Left and right pulmonary veins 
start to develop at about week 5 as a single evagination in 
the sinoatrial portion of the heart. 

Within the embryonal phase, the respiratory epithelium 
develops from an area of the endoderm referred to as the 
foregut bud. The endoderm is the innermost layer of the 
three primary germ layers (i.e., endoderm, mesoderm, and 
ectoderm). The foregut bud interacts with the bronchial 
mesoderm (the middle primary germ layer) and through a 
number of complex embryonic development processes, this 
interaction eventually gives rise to the pulmonary intersti- 
tium, smooth muscle, biood vessels, and cartilage. 10 The 
mesenchyme, a network of undifferentiated embryonic con- 
nective tissue cells, determines the nature of airway branch- 
ing by a complex interaction of epithelial cells with the 
bronchial mesoderm. 11 The mesenchyme and epithelium 
are separated from each other by a basal lamina containing 
type I collagen at the sites of airway branching. 

The diaphragm also develops during the embryonal 
stage of lung development. Complete development of the 
diaphragm occurs by approximately week 7 of gestation. 

Pseudoglandular Phase 

The pseudoglandular phase, named after the distinet 
glandular appearance of the developing lung, extends to 
week 16 of gestation, during which time the conducting 
airways continue to develop. In this phase there is exten- 
sive subdivision of the conducting airway system. The 
branching pattern that occurs in both lungs determines the 
pattern in the adult lung. 12 The subsequent growth of 
these airways is in size only. The most distal structures are 
the terminal bronchioles, which likely differentiate into 
the respiratory bronchioles and alveolar duets. 1 Once the 
pattern is laid, the subsequent growth of these airways is in 
size only. The gas-exchanging part of the lung, consisting 
of the pulmonary acini, or terminal respiratory units, may 
also be laid down completely during the pseudoglandular 
phase. Various growth factors and Chemical mediators also 
begin to transdifferentiate the primordial tracheal epithe¬ 
lium into respiratory type II epithelial cells required for 
alveolar development. 1 
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FIGURE 1-1 Embryonal stage of lung development. A to C, The trachea and major bronchi at 
4 weeks; D and E, 5 weeks; F, 6 weeks; G, 8 weeks. 


During the pseudoglandular phase, cilia appear on the 
surface of the epithelium of the trachea and the mainstem 
bronchi at 10 weeks of gestation and are present on the 
epithelial cells of the peripheral airways by 13 weeks of gesta¬ 
tion. Gobiet cells appear in the bronchial epithelium at 13 to 
14 weeks of gestation, and submucosal giands arise as solid 
buds from basal layers of the surface epithelium at 15 to 16 
weeks of gestation. Smooth muscle cells derived from the 
primitive mesenchyme surrounding the airways can be seen 
at the end of week 7 of gestation and by week 12 form the 
posterior wall of the large bronchi. The development of 
cartilage has been documented at 24 weeks of gestation 
and may be present earlier. Cartilage may be present in about 
10 to 14 airway generations at 24 weeks of gestation. The 
cartilage is immature at this stage. Lymphatics appear first 
in the hilar region of the lung during week 8 of gestation and 
in the lung itself by week 10. This phase has been termed 
pseudoglandular because random histologic sections show 
the appearance of multiple round structures resembling 
giands. They are separated from each other by mesenchyme 
and its derivatives. The cells lining the spaces are columnar 


and contain glycogen. By the end of this stage, airways, 
arteries, and veins have developed in the pattern correspond- 
ing to that found in the adult. 

Maturation of the immune system begins before birth. 
By 14 weeks’ gestation, T lymphocytes can be found in the 
respiratory system. Fetal immune responses to allergens 
develop early and can be detected in cord biood. The potential 
routes of exposure are via the placenta (transplacental) or the 
fetal gut (by the swallowing of amniotic fluid). However, the 
relative importance of the two is not fully understood. 3 

Canalicular Phase 

The canalicular phase follows the pseudoglandular phase 
and lasts from approximately 17 weeks to about 26 weeks 
of gestation. This phase is so named because of the appear¬ 
ance of vascular channels, or capillaries, which begin 
to grow by forming a capillary network around the air 
passages. 14 Some of the capillaries extend into the epithe¬ 
lium. The capillaries develop at 20 weeks of gestation and 
by 22 weeks have increased in number. Satisfactory gas 
exchange cannot occur until the capillaries have sufficient 
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surface area and are close enough to the airspaces for 
efficient gas transfer. This development, along with the 
appearance of surfactant, a surface-active phospholipopro- 
tein formed by alveolar type II cells important in reducing 
alveolar surface tension and ultimately reducing the work 
required for breathing in the newborn, is critical to the 
extrauterine survival of the immature fetus. The survival 
of the fetus becomes possible during the canalicular stage, 
at 22 to 24 weeks of gestation. 

Pulmonary acinar units are also formed during the 
canalicular period (Figure 1-2). Each acinar unit (also re- 
ferred to as an acinus) consists of a respiratory bronchiole 
(which contains no cartilage in its wall), alveolar duets, 
and alveolar sacs. It follows that primitive lobules will have 
formed by the beginning of the canalicular phase. Each 
lobule will contain three to five terminal bronchioles; 
approximately 25,000 terminal bronchioles will be found 
in the adult lung. If the primitive acinar units are all 
formed by the end of the canalicular phase, this would 
imply that the full complement of 25,000 terminal bron¬ 
chioles should be present by 28 weeks of gestation. 

Thinning of the extracellular matrix, or mesenchyme, 
continues through the canalicular phase. By 20 to 22 weeks 
of gestation, two types of cells can be identified within the 
developing human lung. These distinet cell types are referred 
to as type I pneumocyte and type II pneumocyte epithelial 
cells. Within the canalicular phase the type II pneumocytes 
retain their cytoplasmic shape of their precursors and con¬ 
tain concentric layers of lipid and protein important for the 
production of surfactant called lamellar bodies. The type I 
pneumocytes will provide the structural apparatus that will 
become the alveoli and begin this process by flattening and 
elongating during this phase of development. The conduct- 
ing airways have now developed smooth muscle. 

By the end of the canalicular phase, the developing air- 
blood barrier is thin enough to support gas exchange. 


Biood vessels grow alongside conducting airways, which 
are also undergoing muscularization, to a peripheral posi¬ 
tion that is more distant than in the adult. 1: The bronchial 
artery system may be as critical for lung development as 
the pulmonary arteries, although the role of the bronchial 
arteries in lung differentiation and growth is not clear. 16 
It has been suggested that the most peripheral parts of 
the developing lung are supplied only by the pulmonary 
arterial vasculature. 15 The epithelial cells at this point are 
capable of producing fetal lung liquid. 

Saccular Phase 

The saccular phase was formerly thought to be the last 
stage of lung development before birth. However, because 
alveoli are now known to form before birth, the termina- 
tion of the saccular period is arbitrarily set at 35 to 
36 weeks of gestation. At the beginning of this phase, 
about 26 weeks of gestation, the terminal structures are 
referred to as saccules and are relatively smooth-walled, 
cylindrical structures. They then become subdivided by 
ridges known as secondary crests (Figure 1-3). As the 
crests protrude into the saccules, part of the capillary net is 
drawn in with them, forming a double capillary layer. 17,18 
Further septation between the crests results in smaller 
spaces, which have been termed subsaccules. Exactly when 
these subsaccular structures become alveoli is a matter of 
debate (Figure 1-4). Some have advocated that any struc- 
ture bordered on three sides should be termed an alveolus. 
Alveoli can be seen as early as 32 weeks of gestation and are 
present at 36 weeks of gestation in all fetuses (Figure 1-5). 
During the saccular phase, there is a marked inerease in 
the potential gas-exchanging surface area. 

Alveolar Phase 

Distinction between the saccular and alveolar phases is 
somewhat arbitrary. Hislop, Wigglesworth, and Desai 1 -’ 



FIGURE 1-2 Canalicular stage of lung development at 22 weeks of gestation. A terminal bronchiole 
(bottom left) leads into a prospective acinus. Note that branches are sparse. 
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FIGURE 1-3 Saccular stage of lung development 
at 29 weeks of gestation. Secondary crests (arrows) 
begin to divide saccules into smaller compartments. 



FIGURE 1-4 Alveolar stage of lung development 
at 36 weeks of gestation. Note the double capillary 
network (solid arrows, center and right) and the single 
capillary layer (arrow at left). 



FIGURE 1-5 Alveolar stage of lung development 
at 36 weeks of gestation: Thin-walled alveoli are 
present. 
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claim that alveoli are present at 29 weeks of gestation; 
Langston and coworkers believe that 36 weeks of gesta¬ 
tion is the earliest point at which subsaccules and alveoli 
can be distinguished. Alveolar maturation and prolifera- 
tion are primarily a postnatal event, extending beyond 
birth with rapid growth up to 18 months postgestation. 1 
Alveologenesis is characterized by a complex interaction 
of epithelial, fibroblast, and vascular growth factors with 
extracellular matrix components. 

At birth, the number of alveoli is highly variable, rang- 
ing from 20 to 150 million. The accepted mean number of 
alveoli, as described in the literature, is also variable, given 
as 50 million by Langston and colleagues 7 and 150 million 
by Hislop, Wigglesworth, and Desai. 19 It has been esti- 
mated that only 15% to 20% of the adult number of alveoli 
are present at birth, and thus alveologenesis is largely a 
postnatal event. Hislop, Wigglesworth, and Desai 19 believe 
that almost half the total number of alveoli are present 
at birth. The important point is that alveolarization is 
rapidly progressing during the period of development 
from late fetal to early neonatal life and may be complete 
by a year or so after birth. 

POSTNATAL LUNG GROWTH 

Normal lung growth is a continuous process that begins 
early in gestation and extends through infancy and child- 
hood. Major structural development occurs in late gesta¬ 
tion and continues over the first few years of postnatal 
life. 20 > 21 As stated earlier, estimates of alveolar number at 
birth vary widely, and the average of 50 million is generally 
accepted. These alveoli provide a total gas-exchanging sur- 
face of approximately 3 to 4 m 2 . More than 80% of the 
eventual total number of alveoli—about 300 million—will 
form after birth. Lung volume will increase 23-fold, alveolar 
number will increase 6-fold, alveolar surface area will in¬ 
crease 21-fold, and lung weight will increase 20-fold. Lung 
volume increases disproportionally to alveolar number. 

As the human infant doubles in body weight by 
6 months and triples by 1 year, oxygen uptake increases 
proportionally; this is achieved by an increase in alveolar 
growth. The area of the air-tissue interface increases in a 
linear relationship to body surface area. 22 Alveolar volume 
and alveolar surface area increase in proportion to each 
other. However, alveolar number and alveolar diameter do 
not change proportionally. Most of the postnatal forma¬ 
tion of alveoli in the infant occurs over the first 1.5 years of 
life. 23,24 Thereafter, the lung continues to grow in proportion 
to body growth. 

Boyden and Tompsett 25 have described a mechanism of 
alveolar formation that includes extension of the gas- 
exchange region by transformation of the respiratory 
bronchioles into alveolar duets and terminal bronchioles 
into respiratory bronchioles. Lateral pouches from these 
transformed respiratory bronchioles formed new alveoli. It 
has been proposed that new alveolar formation occurs in 


this manner into later childhood and that this is the likely 
mechanism for new alveolar formation throughout life. At 
2 years of age, the number of alveoli varies substantially 
among individuals. After 2 years of age, males have more 
alveoli than do females. After the end of alveolar multipli- 
cation, the alveoli continue to increase in size until thoracic 
growth is completed. 21 

FACTORS AFFECTING PRENATAL 
AND POSTNATAL LUNG GROWTH 

Success of each phase of lung development, as previously 
defined, requires the precise interaction of numerous com¬ 
plex physiological mechanisms to result in the production 
of a flawless maturing lung at birth. It is understandable 
that occasionally there are problems that arise in the devel- 
opmental process of the fetal lung that can affeet prenatal 
lung growth. Development of the initial structures of the 
pulmonary tree occurs in the embryonal stage. It is during 
this time period that errors in development may result 
in laryngeal, tracheal, or esophageal atresia or stenosis 
may develop. 26 Pulmonary hypoplasia, an incomplete 
development of the lungs characterized by an abnormally 
low number and/or size of bronchopulmonary segments 
and/or alveoli, can develop during the pseudoglandular 
phase. 27 If the fetus is born during the cannicular phase 
(i.e., prematurely), severe respiratory distress can be ex- 
pected as the inadequately developed airways and insuffi¬ 
cient and immature surfactant production by alveolar type II 
cells lead to the constellation of problems know as infant 
respiratory distress syndromer 2 

Developmental abnormalities of other organ systems 
can also affeet lung development in the fetus. For example, 
abnormalities of the chest wall and renal hypoplasia can 
result in varying severities of pulmonary hypoplasia, the 
latter known as Potter’s syndrome. 29,30 Additionally, some 
complex genetic disorders may also affeet lung growth. 31 

Other clinical factors have been cited as causing dimin- 
ished lung growth. These conditions can be divided into 
four categories: 

Chest wall compression as occurs in diaphragmatic 
hernia—that is, an abnormal opening in the prenatal 
diaphragm that allows some of the abdominal organs to 
move into the chest and exert pressure on the developing 
lungs; chest wall abnormalities; and probably hydrops 
fetalis—that is, abnormal fluid accumulation in the 
fetus, often resulting in hydrothorax and ascites—have all 
been implicated in diminished lung growth. - 
Oligohydramnios, a reduced quantity of amniotic 
fluid present for an extended period, with or without 
renal anomalies, is associated with lung hypoplasia. 33 ' 35 
The mechanisms by which amniotic fluid volume 
influences lung growth remain unclear. Possible expla- 
nations include mechanical restriction of the chest 
wall, interference with fetal breathing, and/or failure 
to produce fetal lung liquid. These clinical and 
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experimental observations possibly point to a common 
denominator, lung stretch, as being a major growth 
stimulant. 

Diminished respiration has been shown to have a severe 
effect on lung growth. This effect could be mediated 
through a lack of stretch of the developing lung 
parenchyma. 36 

• A variety of hormonal or metabolic abnormalities may 
alter lung growth and structure. Leprechaunism, associ- 
ated with abnormal carbohydrate metabolism, results in 
dysmorphic lungs with a decreased number of terminal 
bronchioles, dilated alveolar duets and saccules, and 
enlarged airspaces. 3 ' Experimental diabetes produced 
by streptozotocin administration to 3-week-old rats 
resulted in diminished airspace size, inereased alveolar 
number, and a marked effect on pulmonary connective 
tissue metabolism. 38,39 

An example of altered lung development is seen in 
children with Down syndrome. Although fetal lung 
growth is normal, postnatal lung growth is characterized 
by larger and fewer alveoli than normal. 40 

ABNORMAL LUNG 
DEVELOPMENT 

Structural development of the lung may be altered by a 
number of conditions affeeting the lungs in utero or by 
postnatal events. 41,42 Complex relationships exist among 
humoral, hormonal, and physical forces acting on the 
developing lung, altering its growth in ways that are poorly 
understood. Growth retardation of the fetal lung may 
affeet size and weight but not maturation of airways and 
alveoli, whereas malnutrition may slow funetional rather 
than structural maturation. 41 

Timing or dating of adverse events influencing fetal lung 
development is important in considering the approach to 
treatment and prognosis. Abnormalities occurring in the 
embryonic period are often associated with renal agenesis 
or dysplastic kidneys; branching of the lungs may also be 
affeeted. Abnormalities occurring later in development, 
such as diaphragmatic hernia, may affeet the lungs during 
the pseudoglandular period, or before 16 weeks of gesta- 
tion, and thereby decrease airway branching. If abnor¬ 
malities occur during the second trimester of pregnancy, 
completion of pulmonary vascularization and acinar 
development may not proceed and hypoplasia in the gas- 
exchanging area may result. Problems occurring in the 
perinatal period, such as premature birth and bronchopul- 
monary dysplasia, may alter subsequent alveolar growth 
and differentiation, ultimately leading to a decrease in 
alveolar number. 

PULMONARY HYPOPLASIA 

Pulmonary hypoplasia, or failure of the lungs to develop 
in utero, is a relatively common abnormality of lung 


development, with a number of clinical associations and 
anatomical correlates. Hypoplasia may be considered to be 
present when there are too few cells, too few alveoli, or too 
few airways. The incidence of pulmonary hypoplasia diag- 
nosed at autopsy is between 10% and 25% of all cases. 42 ' 45 

The best-studied condition associated with hypoplasia 
is diaphragmatic hernia. The incidence of diaphragmatic 
hernia is about 1 in 4000 births. The range of abnormali¬ 
ties reported is wide and is probably related to variations 
in the severity and timing of the onset of lung compres¬ 
sion. 46 Compression of the lung before 16 weeks of 
gestation causes incomplete branching of the conducting 
airways, terminal airways, or both. Early and severe com¬ 
pression results in severe hypoplasia can reduce the weight 
of the affeeted lung to less than half that of the contra- 
lateral lung. The affeeted lung demonstrates fewer, smaller 
alveoli, a decreased surface area for gas-exchange, and a 
proportional decrease in pulmonary vasculature. 

Other forms of lung compression may result in hypo¬ 
plasia. Causes include osteogenesis imperfeeta, hypophos- 
phatasia, 47 and thoracic dystrophies. In addition to chest wall 
anomalies, pleural effusion, ascites, intrathoracic tumors, 
and extralobar sequestration may cause lung compression. 

Pulmonary hypoplasia occurs in oligohydramnios as a 
result of leakage of amniotic fluid. It was first described by 
Potter in association with renal agenesis. 33 Experimental 
evidence supports the conclusion that the amount of lung 
liquid present in the fetus is a major determinant of 
lung growth, because chronic tracheal drainage produces 
pulmonary hypoplasia and tracheal ligation produces 
lungs with inereased tissue mass. 48 It has been shown that 
experimental oligohydramnios causes pulmonary hypo¬ 
plasia, which can be more or less severe depending on its 
timing. 43,49 

Several experimental studies suggest that lung growth 
alteration may be caused by various hormonal imbal- 
ances. 50 ' 54 Changes caused by endocrine effeets may cause 
lung compression or diminished lung liquid and respira¬ 
tion. Glucocorticoid administration has been shown to 
accelerate lung maturation but may also affeet lung growth. 
Type II epithelial cell maturation is induced both funetion- 
ally and anatomically by this drug. Depending on the dose, 
glucocorticoids may reduce the rate of DNA synthesis and 
thus produce hypoplasia. Thyroidectomy in fetal sheep 
produces pulmonary hypoplasia and diminished type II cell 
differentiation. Maternal growth hormone apparently 
plays little role in fetal growth, but the effect of maternal 
administration of growth hormone on fetal lung growth 
has not been studied. Maternal experimental diabetes 
results in diminished tissue maturity in the fetus. 5 ' 

ALVEOLAR CELL DEVELOPMENT 
AND SURFACTANT PRODUCTION 

As the primordial epithelium evolves, the epithelial lining 
undergoes cellular division and differentiation into the 
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highly specialized type I and type II pneumocytes. Type I 
pneumocytes are flat (squamous) cells serving as a thin, 
gas-permeable membrane for the diffusion of gases and as 
a barrier against water and solute leakage. 56 They account 
for more than 97% of the alveolar surface area, primarily as 
a result of their size, shape, and large cellular surface. 37 

Despite its smaller surface area, the cuboidal-appearing 
type II pneumocyte is the principal cell involved in surfac- 
tant production, storage, secretion, and reuse. Surfactant 
storage occurs in the lamellar bodies inside type II pneu¬ 
mocytes. An additional function of the type II pneumocyte 
is its ability to differentiate into type I pneumocytes. 38 

Type II pneumocytes contain the precursors required 
for surfactant synthesis and osmiophilic lamellar bodies 
that function as the storage apparatus for the synthesized 
surfactant. 9 ’ 57 Through a continuous process of exocytosis, 
the lamellar bodies release their contents of tubular myelin 
into the alveolar hypophase (the thin liquid lining of the 
internal surface of the alveoli). The liberated tubular my¬ 
elin unravels and disperses to form a monolayer at the 
air-liquid interface. 38 

The primary role of mammalian surfactant is to lower 
the surface tension within the alveolus, specifically at the 
air-liquid interface. This allows the delicate structure of 
the alveolus to expand when filled with air. Without sur¬ 
factant, the alveolus remains collapsed because of the high 
surface tension of the moist alveolar surface. Surfactant is 
composed predominantly of an intricate blend of phos- 
pholipids, neutral lipids, and proteins. See Chapter 14 
(Surfactant Replacement) for more information about 
surfactant composition. 

Of clinical relevance during late gestation, analysis of 
amniotic fluid for the concentration of phosphatidylglyc- 
erol and phosphatidylcholine has been shown to be a 
sensitive indicator of the State of fetal lung maturity. 39 In 
addition, various Chemical and mechanical stimulatory 
mechanisms leading to increased surfactant precursor 
(and presumably mature surfactant) production have been 
identified and include, but are not limited to, (3-adrenergic 
agonists, prostaglandins, epidermal growth factor, and 
mechanical ventilation. 

FETAL LUNG LIQUID 

Fetal lungs are secretory organs that make breathing-like 
movements but serve no respiratory function before birth. 
They secrete about 250 to 300 ml of liquid per day. Thus 
the fetal airways are not collapsed but filled with fluid 
from the canalicular phase until delivery and the initiation 
of ventilation. This liquid flows from the terminal respira¬ 
tory units through the conducting airways and into the 
oropharynx, where it is either swallowed or expelled into 
the amniotic sac. The presence of fetal lung fluid is essen- 
tial for normal lung development. This luminal fluid is 
high in chloride and low in bicarbonate, with a negligible 
concentration of protein. 60,61 Active transport of chloride 


ions across the fetal pulmonary epithelium generates an 
electric potential difference and causes liquid to flow from 
the lung microcirculation through the interstitium and 
into the airspaces. 62 The pulmonary circulation, rather 
than the bronchial circulation, is the major source of this 
liquid. The balance between production and drainage of 
this liquid has an important effect on lung development. 
During fetal breathing, there is a small but steady move- 
ment of fluid outward from the trachea. The net move- 
ment of fluid away from the lungs has been measured at 
about 15 ml/hr and was about five times higher during 
periods of fetal breathing than during apnea. 63 Prolonged 
outflow obstruction expands the lungs and leads to a 
decrease in type II cells. 64 In contrast, unimpeded removal 
of lung liquid decreases lung size, increases apparent tissue 
density, and stimulates proliferation of type II cells. 48 

The clearance of fetal lung fluid is essential for normal 
neonatal respiratory adaptation. However, several studies 
have shown that both the rate of liquid formation and 
the volume within the lumen of the fetal lung normally 
decrease before birth. 65 ' 67 It is unknown what causes the 
reduction in fetal lung secretions before birth. Hormonal 
changes, which occur in the fetus just before and during 
labor, may have an important role in triggering this pro¬ 
cess. The influence of catecholamines on fetal lung liquid 
volume has been investigated. It has been shown that in- 
jecting (3-adrenergic agonists into pregnant rabbits reduces 
the amount of water in the lungs of their pups. 68 Epineph- 
rine has been shown to inhibit secretion of fetal lung 
liquid. 69 Other hormones, such as arginine vasopressin and 
prostaglandin E 2 , which are secreted around the time of 
birth, may reduce production of lung luminal liquid. " 

Removal of lung liquid continues after birth. When 
breathing begins, air inflation shifts residual liquid from 
the lumen into distensible perivascular spaces around 
large pulmonary biood vessels and bronchi. Accumulation 
of liquid in these connective tissue spaces, which are dis¬ 
tant from the sites of respiratory gas exchange, allows time 
for small biood vessels and lymphatics to remove the dis- 
placed liquid with little or no impairment of neonatal lung 
function at this critical juncture. 72,73 The clearance of the 
fluid from the interstitial spaces occurs over many hours. 


KEY POINTS 

• Each developmental phase of the fetal lung is 
defined by its characteristic anatomical growth and 
maturation. 

• A thorough understanding of each stage of fetal lung 
development is an important basis for identifying 
problems occurring during fetal lung development 

as well as helping to prepare for the delivery and 
care of the premature infant. 

• Fetal survival outside the uterus becomes possible at 
approximately 24 weeks’ gestation. Survival outside 
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the uterus before this is not possible because the 
pulmonary capillary system is not sufficient to support 
gas exchange. 

• Abnormal lung development can occur at any point 
during gestation. 

• Early developmental problems can be associated with 
abnormalities of other organ systems (e.g., renal 
agenesis associated lung branching abnormalities). 

• Other developmental problems can occur as 
through the direct hindrance of proper gestational 
growth (e.g., congenital diaphragmatic hernia 
with direct compression to the developing lung 
inhibits normal growth.) 

• By 22 weeks’ gestation, the cytoplasm within the 
alveolar type II cells begins to contain lamellar bodies, 
which are important in the production of surfactant. 

• Surfactant produced by alveolar type II cells is a 
phospholipoprotein important for reducing alveolar 
surface tension. This reduction in surface tension 
reduces the work of breathing in a spontaneously 
breathing newborn. 

• Fetal lung fluid is secreted by cells of the fetal air- 
ways. This fluid flows from the distal terminal airways 
toward the pharynx and eventually is either swallowed 
or expelled as a constituent of the amniotic fluid. 

• During the birthing process, production of fetal lung 
fluid is slowed, and after birth the fetal lung fluid is 
cleared by the lymphatic system of the lung. 


ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. Which of the following are phases of human lung 
development? 

I. Embryonal 

II. Canalicular 

III. Blastocystic 

IV. Ch orionic 

V. Saccular 

A. i, III, and III 

B. I, II, and V 

C. II and IV 

D. III and V 

E. I, IV, and V 

2. The initial lung bud emerges from which of the 
following? 

A. Esophagus 

B. Trachea 

C. Umbilical cord 

D. Pharynx 

E. Mesoderm layer 

3. The bronchial tree is formed at which gestational 
phase of lung development? 

A. Embryonal 

B. Canalicular 

C. Pseudoglandular 

D. Saccular 

E. Alveolar 


4 . The alveolar epithelial lining undergoes cell division 
into type I and type II pneumocytes. Which of the 
following correctly describe the pneumocytes? 

I. Type I pneumocytes account for more than 97% 
of the alveolar surface area. 

II. Type II pneumocytes form a gas-permeable mem- 
brane for diffusion of gases. 

III. Surfactant production occurs in the lamellar bodies 
of type II pneumocytes, which release surfactant by 
exocytosis. 

IV. Type I pneumocytes are responsible for surfactant 
production and storage. 

V. Type I pneumocytes are squamous shaped and 
optimized forgas exchange; type II pneumocytes 
are cube shaped and may differentiate into 
type I cells. 

A. I, II, IV, and V 

B. I, III, and V 

C. I, IV, and V 

D. II, IV, and V 

E. III and IV 

5. What are the minimal developmental features 
required for an immature human fetus to survive 
outside the uterus? 

I. 32 weeks of gestation 

II. Sufficient alveolar and vascular surface area for 
gas exchange 

III. Sufficient endoplasmic reticulum production 

IV. 22 to 24 weeks of gestation 

V. Near completion of the canalicular stage of lung 
development 

A. I, II, III, and IV 

B. I and V 

C. II, III, and V 

D. II, IV, and V 

E. III, IV, and V 

6. Which of the following best describe(s) fetal lung 
liquid? 

A. It lowers surface tension within the alveoli. 

B. It maintains the structure of the airway lu men and 
developing alveoli, preventing complete collapse. 

C. With fetal breathing movement it continuously 
flows out of the lungs and is swallowed or excreted 
into the amniotic fluid. 

D. A and B 

E. B and C 

7 . Estimates of the exact number of alveoli at birth 
vary widely, but investigators agree that 

A. The surface area of gas exchange increases 
inversely with age. 

B. Normal structural development is complete 
before the first breath. 

C. Normal lung growth is a continuous process that 
extends into adulthood. 

D. Gas exchange surface area grows proportionally 
with an increase in oxygen consumption and body 
surface area. 

E. Extension of gas exchange occurs with transforma¬ 
tion of alveolar duets and terminal bronchioles 
into respiratory bronchioles. 
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10. Which ofthe following statements represent Reid’s 
laws of human lung development? 

I. The bronchial tree develops by week 16 of 
intrauterine life. 

II. Preacinar vasculature develops after the airway 
has been established, and intra-acinar vascula¬ 
ture develops after the alveoli are generated. 

III. Alveolar development is complete when there is 
sufficient gas exchange surface area to support 
extrauterine life. 

IV. The esophageal lung bud arises from the embryonic 
mesoderm to form the tracheal bronchial tree. 

V. Alveoli increase in number until 8 years of age and 
grow in size until chest wall growth is complete. 

A. I and IV 

B. I, II, and V 

C. I, III, IV, and V 

D. II and III 

E. II, III, and V 


8. Which is the lung development stage formerly 
thought to be the last stage before birth, and 
characterized by relatively smooth-walled, cylindrical 
structures subdivided by ridges known as secondary 
crests? 

A. Alveolar phase 

B. Saccular phase 

C. Terminal phase 

D. Trophoblast phase 

E. Canalicular phase 

9 . Pulmonary hypoplasia is a relatively common 
abnormality of lung development with a number 
ofclinical associations, including which ofthe 
following? 

A. Lung tissue compression 

B. Oligohydramnios 

C. Maternal diabetes 

D. All ofthe above 

E. A and C only 
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Fetal Gas Exchange 
and Circulation 


ROBERT L. JOYNER, JR. 

OUTLINE 

Embryological OverView 

Fertilization to Implantation 

Maternal Fetal Gas Exchange 

Cardiovascular Development 

Early Development 

Chamber Development 

Maturation 

Fetal Circulation and Fetal Shunts 

Transition to Extrauterine Life 

LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 

1. Discuss the identifiable stages of heart development 
and explain the development of the heart chambers 

2. Name the three fetal shunts and discuss their role 
during fetal circulation 

3. Explain the direction of biood flow and relative vascular 
pressures in the placenta, umbilical vein, three fetal 

shunts, right-side heart chambers, left-side heart 
chambers, pulmonary artery, lungs, aorta, and umbilical 
arteries 

4. Describe the cardiac and pulmonary sequences of 
events that occur when transitioning from fetal to 
extrauterine life, including the changes in fetal shunts 

KEY TERMS 

Angiogenic clusters Chorionic villi 

Aorticopulmonary septum Dextral looping 

Atrial bulge Ectoderm 

Blastocyst Embryonic disk 

Bulboventricular loop Endocardial cush 

Bulbus cordis Endoderm 

Chorion Foramen ovale 

Chorionic membrane Intimal mounds 

Mesoderm 

Placenta 

Septum primum 

Septum secundum 

ions Trophoblast 

Ventricular bulge 

Wharton’s jelly 

Zygote 

What initially may seem like a remote concept for respiratory 
care practitioners—a basic understanding of embryology— 
is essential to understanding the care of the newborn. 

normal development and what to expect when something 
goes awry. 

Whether care is being provided to a premature newborn 
with respiratory distress syndrome as a result of insuffi¬ 
cient or poorly functioning surfactant or to a newborn 
afflicted with persistent pulmonary hypertension result¬ 
ing from severe meconium staining, all respiratory 
care practitioners working with infants must have a 
breadth of knowledge of embryology and fetal develop¬ 
ment that provides them with an understanding of 

EMBRYOLOGICAL OVERVIEW 

The rapidly growing embryo and fetus must develop a 
vascular network to circulate nutrients and provide gas 
exchange. The fetus depends on the mother’s circulation 
for nutrient and gas exchange; however, the maternal 
and fetal vascular networks are separate systems, and no 
biood is shared between the two. By day 22 of gestation the 
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primitive fetal heart begins to beat, with myocardial pump 
function to support fetal circulation beginning on day 
27 to day 29. 1 

Fertilization to Implantation 

As the fertilized egg, or zygote, travels to the uterus, it 
undergoes numerous iterations of cell division but has no 
nutrient source, as in a bird egg. The ball of developing 
cells, at this point termed the blastocyst, must attach 
itself and implant in the uterine lining for nourishment. 
The outer surrounding layer of the blastocyst is the 
trophoblast, which combines with tissues from the endo- 
metrium to form the chorionic membrane around the 
blastocyst. 2 Inside the blastocyst, a group of cells arrange 
on one side in the shape of a figure eight. The central 


Origin of the Various Tissue 
Systems from the Three Embryonic 
Germ Layers 

ECTODERM 

• Central nervous system: brain and spinal cord 

• Peripheral nervous system: cranial nerves and spinal nerves 

• Sensory epithelia of the eyes, inner ears, and nose 

• Glandular tissues: posterior pituitary giand, adrenal medulla 

• Skin: epidermal layer 

• Specializations of the skin: sweat and sebaceous giands, 
hair follicles, nails, mammary giands 

• Teeth: enamel 

MESODERM 

• Cardiovascular system: heart and biood vessels 

• Lymphatic system vessels 

• All connective tissue: general connective tissue, and 
cartilage, bone, bone marrow, and biood cells 

• All muscle tissue: skeletal, cardiac, and smooth 

• Skin: dermis and hypodermis 

• Kidneys and ureters, spleen 

• Reproductive tissues (not including the germ cells) 

• The three major body cavities: pericardium, left and right 
pleura, and peritoneum 

• Serous linings of organs within the body cavities 

• Teeth: dentine, cementum, and pulp 

ENDODERM 

• Digestive system: stomach, small and large intestines, and 
epithelial lining of the entire digestive system except parts 
of the mouth and pharynx, and anus (which are supplied 
by the ectoderm) 

• Respiratory system: pharynx, lungs, and epithelial lining 
of the trachea and lungs 

• Urinary system: biadder, and lining of the urethra 

• Liver and pancreas and epithelial lining of all giands that 
open into the digestive system 

• Tonsils, thymus, thyroid, parathyroid 

• Epithelial lining of auditory tube and tympanic cavity_ 

Adapted from Moore KL, Persaud TVN, editors: The developing human: 
clinically oriented embryologi , ed 6, Philadelphia: WB Saunders, 1998, 
pp 63-82. 


Box 2-1 


portion is the embryonic disk, which forms the three 
embryonic germ layers: the ectoderm and the endoderm, 
followed by the mesoderm. 3 Box 2-1 lists the tissue 
systems that arise from the three germ layers. 

The outer or top loop of the figure eight envelops the 
embryonic structure and forms the amniotic sac, while 
the inner or bottom loop forms the yolk sac. The yolk sac 
soon degenerates and incorporates into the embryo, giving 
way for the amniotic sac to grow. Suspended in the cavity 
of the blastocyst, the amniotic sac then surrounds the 
entire embryo. The embryo attaches to the outer layer 
through the umbilical stalk, which later becomes the 
umbilical cord. 

Maternal-Fetal Gas Exchange 

As the umbilical cord matures, finger-like projections 
extend into the outer lining of the chorion, or chorionic 
villi (Figure 2-1). Within the chorionic villi a capillary 
network forms and connects to the umbilical stalk. The villi 
intertwine into the blood-filled lacunar cavities of the endo- 
metrium of the maternal uterus. 2 Oxygen, carbon dioxide, 
and nutrients diffuse through the vast capillary surface 
area of this indirect connection between mother and fetus. 
As fetal development continues, the region of this interface 
becomes limited to the discus-shaped placenta, because 
the amniotic sac completely filis the chorionic cavity. 
The umbilical cord connects the placenta to the fetus with 
one large vein and two smaller arteries. As the cord grows, 
the vessels tend to spiral. 4 Wharton’s jelly, a gelatinous 
substance inside the umbilical cord, helps protect the 
vessels and may prevent the cord from kinking. 



FIGURE 2-1 I mplanted human embryo, approximately day 28, 
showing the relationship of the chorion, amnion, and chorionic villi. 
The umbilical cord and tail are difficult to differentiate in this view. 
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CARDIOVASCULAR 

DEVELOPMENT 

During the third week of gestation, the heart is fully 
formed. The heart is considered to be the first complete 
organ formed. By 8 weeks of gestation, the fetal heart is 
fully functional, complete with all chambers, valves, and 
major vessels. In addition, the fetal heart must accommo- 
date the circulatory configuration required to support a 
fetus that is residing, growing, and maturing enclosed 
within a fluid-filled environment. The anatomical solu¬ 
tions to circulate oxygenated biood cannot be the same in 
the placenta-respiring fetus as it is in the air-breathing 
newborn. As the embryonic heart changes are described, 
note which of them may result in the cardiac anomalies 
discussed in Chapter 24 (Congenital Cardiac Defects). 
Table 2-1 lists the timing of the key cardiac developments. 

Early Development 

During early embryonic development, small cellular pools, 
referred to as angiogenic clusters or biood islands, supply 
nutrition to the growing embryo. These clusters coalesce 
to form two heart tubes lined with specialized myocardial 
tissue. 3 On approximately day 18, the heart tubes fold into 


TABLE 2-1 


Timetable of Significant Events During Fetal Heart 


Development 


Time of Gestation 

Event 

Early Development 

Week 3 

Day 1 6 

Angiogenic clusters (biood 


islands) appear 

Day 1 8 

Heart tubes form 

Day 21 

Chamber Development 

Heart tubes fuse 

Week 4 


Day 22 

Fusion of heart tubes complete 
Heart begins to beat 

Bidirectional biood flow begins 


Day 23 

Folding, looping, ballooning begin 

Day 25 

Atrial septation begins with 


growth of septum primum 

Day 28 

Ventricular septation starts 
Endocardial cushions form 
Unidirectional biood flow begins 

Week 5 

Day 32 

Week 6 

Septum secundum starts 

Day 37 

Matu ration 

Foramen ovale complete 

Day 46 

Day 49 

Ventricle formation complete 

Four chambers complete 

Valve formation matures 

Week 8 

Day 52 

Aorta/pulmonary artery complete 


separation 

Day 56 

Valve formation complete 


what will become the thoracic cavity. At this point, they 
become close enough to fuse, and grow into a complete 
single-chamber tubular structure by day 21. The cardiovas- 
cular system forms primarily from the mesoderm layer, 
but myocardial tissue has a diverse origin related to the 
recruitment of myocytes from surrounding tissue types 
during embryogenesis. 6 By day 22 cardiac contractions are 
detectable and bidirectional tidal biood flow begins. 4 

Chamber Development 

Dramatic changes begin to occur during the fourth week 
of gestation. The heart tubes continue to merge into 
three identifiable structures called the bulbus cordis, the 
ventricular bulge, and the atrial bulge. These structures 
empty into the sinus venosus, which also receives biood 
from three additional sources: the vitelline veins (arising 
from the yolk sac), the common Cardinal veins (from 
the embryo), and the umbilical veins (from the primitive 
placenta) (Figure 2-2). These structures continue to bend, 
fold, and dilate by incorporating components from sur¬ 
rounding tissue structures as the truncus arteriosus (which 
connects the heart to the future arterial system) becomes 
recognizable. 8 Note that initially the atrial bulge is inferior 
to the ventricular bulge. Between days 23 and 28 a process 
referred to as dextral looping occurs, whereby the ven¬ 
tricular bulge balloons into a C-shaped loop that pushes 
the atrial bulge in a superior direction (see Figure 2-2). 
Subsequently, the embryonic heart appears as a twisted 
S shape, and the ventricular structure merges with the 
bulbus cordis to form a one-ventricle structure known as 
the bulbo ventricular loop, which continues to dilate. 9 

Simultaneous with the external changes, the septum 
primum begins the separation of the primitive atrium, 
followed shortly by growth of the endocardial cushions, 
which will separate the atria from the ventricles. During 
this time, the left atrium incorporates the primordial 
pulmonary veins as four pulmonary veins empty into the 
primordial left atrium. The right horn of the sinus venosus 
grows in dominance and merges into the future right 
atrium from the inferior and superior vena cavae. By the 
end of the fourth week, the dilating ventricular spaces fold 
into each other and force the ventricular septal bud up- 
ward at the base of the bulboventricular loop (Figure 2-3). 4 
By this time, biood flow matures into a unidirectional path 
as the myocardium continues to strengthen by recruiting 
myocytes from the surrounding mesenchymal tissue. 3, 6 

During weeks 5 and 6 the internal and external 
structures continue to mature rapidly. Between the atria, 
the septum secundum begins to appear. By week 6, the 
septum secundum and a flap from the septum primum 
form the foramen ovale, one of the fetal shunts discussed 
later in this chapter (Figures 2-4 and 2-5). The atrioven- 
tricular canal continues to mature, and the endocardial 
cushions separate the ventricular spaces from the atrium. 
The muscular portion of the ventricular septum continues 
to grow into the ventricular space as the two ventricles 
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FIGURE 2-2 Formation of the primordial heart chambers after 
fusion of the heart tubes at a gestational age of 3 weeks. 


dilate. Ridges also appear opposite each other in the 
bulbus cordis and truncus. They grow toward each other 
and fuse into a spiraling aorticopulmonary septum, 
which ultimately separates into the aorta and pulmonary 
arteries. 3 A fetal heart rate of about 95 beats per minute 
becomes discernible during this period and increases by 
approximately 4 beats per day until heart development is 
complete. 10 


Maturation 

Continuing maturation of the internal and external struc- 
tures characterizes weeks 7 and 8. The ventricles finish 
forcing the ventricular septum up from its base. A small 
intraventricular foramen remains, and biood flows 
between the two ventricles until the endocardial cushions 
fuse with the ventricular septum (see Figure 2-4). At 
the end of the seventh week, tissue from remnants of the 
bulbus cordis and tissue from the endocardial cushions 
grow into the ventricular foramen, closing it as they 
merge with the muscular ventricular septum. The tricuspid 
and mitral valves form from specialized tissue surrounding 
the two atrioventricular openings. The aorticopulmonary 
septum divides the bulbus cordis and truncus into an 
aortic and pulmonary trunk. As these outflow tracts con- 
tinue to mature, the semilunar valves form at the base of 
each structure. 8 Early in the eighth week the outflow tracts 
and valves are completely developed. At this stage, develop¬ 
ment of the cardiac structures is complete and biood flows 
through the fetal circulation pathway. The heart continues 
to develop, increasing proportionately more in length than 
width, paralleling embryonic growth. 11,12 


FETAL CIRCULATION AND 
FETAL SHUNTS 

Fetal circulation necessarily differs from circulation after 
the infant is birthed because external respiration by 
the fetus does not occur within the lungs. Figure 2-6 
illustrates fetal circulation and the three shunts present 
in the fetus that close soon after birth. The mother’s 
lungs and liver perform most of the metabolic functions 
required by the same organs of the fetus. The fetal circu¬ 
lation pathway allows biood flow to be shunted around 
the fetal liver and lungs. Shunting most of the biood 
volume through the fetal heart, bypassing the lungs, 
facilitates pumping the required large quantities of fetal 
biood to the placenta, which is the gas, nutrient, and 
waste exchange interface between the maternal and fetal 
organ systems. 11 

Oxygenated biood travels from the placenta to the fetus 
through the umbilical vein. The ductus venosus, the first 
fetal shunt, appears continuous with the umbilical vein, 
shunting approximately 30% to 50% of the oxygen-rich 
biood directly to the inferior vena cava, effectively bypass¬ 
ing the fetal liver. The amount of shunting through the 
ductus venosus appears to decrease with gestational age. 13 
The oxygen-rich biood within the umbilical vein empties 
into the inferior vena cava and mixes with oxygen-depleted 
systemic venous biood as it flows to the right atrium. Even 
though some admixture occurs, the biood entering the 
right atrium contains the highest oxygen saturations 
available to the fetus. 

In the right atrium most of the biood flow from 
the inferior vena cava crosses through a hole within the 
atrial septum, called the foramen ovale, into the left 
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FIGURE 2-3 A, Sagittal view of the developing heart during week 4, showing the position of the 
atrium, bulbus cordis, ventricles, and endocardial cushions merging from the ventral and dorsal sides. 
B, Traditional view of the developing heart during weeks 4 to 5, showing budding interventricular 
septum, fused endocardial cushions, septum primum, and the left and right atria. The ventricular 
septum continues to fold and grow upward between the ventricles. 


Superior Septum 



FIGURE 2-4 Frontal view of the fetal heart between weeks 5 and 6, showing the development of the 
four chambers nearing completion. The arrow shows the one-way path through the foramen ovale. 


Inferior vena cava 
(carrying well- 
oxygenated biood) 




FIGURE 2-5 Frontal view (right) and side view (left) schematics of the foramen ovale. The septum 
primum forms the flap, and the septum secundum remains open to form the foramen ovale. The arrows 
show the one-way path through the foramen ovale. 
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FIGURE 2-6 A diagram of the fetal circulation showing biood containing oxygen and nourishment 
moving from the placenta to the fetal heart and through the three fetal shunts: the ductus venosus, the 
foramen ovale, and the ductus arteriosus. 


atrium. The foramen ovale, the second fetal shunt, is 
formed during septation of the atria as described previ- 
ously. The septum primum acts as a one-way valve over the 
ostium secundum (see Figure 2-5). The remainder of the 
biood in the right atrium mixes with desaturated biood 
from the superior vena cava and drains into the right 
ventricle. Biood in the right ventricle contains slightly 
higher oxygen content than biood from the superior 
vena cava and is pumped into the pulmonary artery to the 
developing lungs. 

The pulmonary vascular resistance (PVR) in utero is 
high. Likely mechanisms include physical compression of 
the vessels resulting from relatively low lung volumes and 
hypoxic pulmonary vasoconstriction resulting from the 


low partial pressure of oxygen within the alveolus of 
the fetus. Both mechanisms help induce Chemical media¬ 
tors that maintain a high resistive tone in the pulmonary 
vascular bed. 14 Up to 13% to 25% of the fetal biood flow 
presented to the right atrium reaches the lungs. 11,15 

Biood from the pulmonary veins empties into the left 
atrium and then flows into the left ventricle, out the aortic 
valve, and into the ascending aorta, where it supplies biood 
with the highest oxygen content to the head, right arm, 
and coronary circulation. The high PVR causes most of 
the biood flowing through the pulmonary artery from the 
right ventricle to pass through the less resistant ductus 
arteriosus, the third fetal shunt, directly into the aorta. 
This allows biood within the pulmonary artery to bypass 




























18 


SECTION I • Fetal Development, Assessment and Delivery 


the lungs and left heart. Because large quantities of biood 
are required to flow to the placenta, this permits the right 
ventricle and left ventricle to pump almost in parallel. The 
path of fetal circulation and percentage of oxygen satura- 
tion in various locations is illustrated in Figure 2-6. 16 

The deoxygenated biood from the upper torso returns 
to the right atrium via the superior vena cava. Finally, 
biood in the descending and abdominal aorta flows 
through common iliac arteries to two umbilical arteries 
and back to the placenta for oxygenation. 17 Initially 17% to 
20% of the fetal cardiac output flows through the umbili¬ 
cal arteries, but as the fetus matures this rises to 33%. 18 
At any point, the placenta contains as much as half of the 
fetal biood volume. Because of the large vascular surface 
area of the placenta, impedance to biood flow is extremely 
low, allowing biood flow through the placenta to remain 
consistent and stable. 11 

TRANSITION TO EXTRAUTERINE 
LIFE 

Clamping the umbilical vessels removes the low-pressure 
system of the placenta from fetal circulation. During the 
first breath, several factors drastically reduce the PVR and 
increase pulmonary biood flow. 1 ' 1 Inflation of the lungs 
initiates gas exchange, which in turn dilates the pulmonary 
arterioles. Rising systemic arterial oxygen pressure (Pao 2 ) 
also stimulates the release of endogenous pulmonary vaso- 
dilating cytokines that act locally to increase the diameter 
of the pulmonary arterial vasculature. 20 Stretching of the 
pulmonary parenchyma also physically expands the vascu¬ 
lature. Besides vasodilation, lung inflation results in the 
inhibition of vasoconstricting agents produced by the lung 
to facilitate fetal circulation. 17 

Once the cord is clamped and the PVR decreases, pres¬ 
sures in the right side of the heart decrease and pressures 
in the left side increase. Because the foramen ovale flap 
allows biood to flow only from right to left, it closes when 
the pressures in the left atrium become greater than those 
in the right atrium. Closing the foramen ovale further 
facilitates the increase of biood flow to the lungs during the 
transitional period and is necessary to maintain normal 
extrauterine circulation. 

Because the pressure in the aorta also increases and 
becomes greater than the pressure in the pulmonary artery, 
the amount of shunting through the ductus arteriosus 
decreases. The functional closure of the ductus arteriosus 
occurs as a result of being exposed to an increase in Pao 2 , a 
decrease in PVR leading to the reduction in biood pressure 
within the ductal lumen, a decrease in the local production 
of prostaglandins, and a reduction in the number of prosta- 
glandin receptors within the tissue of the ductus arterio¬ 
sus. 21,22 Normally, constriction of the ductus arteriosus 
starts to occur at birth, and 20% of the ductus closes within 
24 hours, with 80% closed in 48 hours and 100% by 96 hours 
after birth. 23 Anatomical closure of the ductus arteriosus 


begins in the last trimester as endothelial tissue begins to 
proliferate into the lumen of the ductus, forming bulges 
known as intimal mounds. Initially assisted by vasocon- 
striction, the ductal lumen closes completely as gesta- 
tional and postgestational age advances. 24 By 2 to 4 weeks 
of age, the anatomical closure is complete and biood flow 
normalizes to the adult pattern of circulation. 2 , The struc- 
ture that was once the ductus arteriosus is referred to as 
the ligamentum arteriosum in the adult. 


CASE STUDY 


Prematurity-Associated Respiratory Distress 

A 32-year-old woman has just given birth to a 38-week new- 
born after prolonged labor as a result of shoulder dystocia. 
The baby was born apneic, with minimal muscle tone and 
a heart rate of 80 beats per minute. The newborn was 
attended to immediately by the neonatal resuscitation team, 
who provided positive pressure ventilation for approximately 
30 seconds. The newborn began breathing spontaneously 
and was transferred to the intensive care nursery on supple¬ 
mental oxygen. Three hours later, despite the supplemental 
oxygen the baby was still cyanotic. The physician ordered 
pulse oximetry ofthe right hånd and left foot, which revealed 
saturations of 96% and 75%, respectively. 

1. What two anatomical shunts normally present in the 
fetus can result in persistent cyanosis in the newborn? 

2. Why would the newborn in this case example be at risk 
for refractory hypoxemia? 

3. Why are the two oximetry readings necessary, and why are 
the probes placed at the sites specified by the physician? 


See Evolve Resources for answers. 

KEY POINTS 

• The heart is the first complete organ formed. Identify- 
ing the stages of development ofthe heart is important 
in understanding congenital problems that can occur 
when development does not proceed as expected. 

• The ductus venousus, foramen ovale, and ductus arte¬ 
riosus are the anatomical shunts present in the fetus 
that allow fetal circulation. These shunts are essential 
to the proper nutrient and gas exchange in the fetus. 

• The three anatomical shunts and the pressure gradi¬ 
ents induced by the circulatory systems (e.g., placental, 
pulmonary, and systemic) are all necessary to ensure 
proper directional biood flow through the fetus. This 
provides forgas and nutrient exchange and appropri- 
ate distribution of biood through the fetus. 

• Transition from fetal circulation to adult circulation 
during the birthing process is a complex event that 
seems to take place effortlessly in nearly every birth. 
Recognizing the signs and symptoms of inappropriate 
transition is important to ensure that the right care is 
quickly delivered. 
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] ASSESSMENT QUESTIONS 

Select the best answer. See Evolve Resources for answers. 

1. Which of the following are true statements 
concerning the development of the circulatory 
system? 

I. Heart development is completed by about 
32 weeks of gestation. 

II. Heart development, other than growth, is 
complete when valve formation is complete. 

III. Angiogenic clusters supply nutrition in the 
earliest stages of the growing embryo. 

IV. The right-side myocardial fibers begin contracting 
before the left side to provide biood flow to the 
lungs. 

V. At about 3 weeks, two heart tubes fuse into 
what will become the basic structure of the 
four-chamber heart. 

A. I, III, and V 

B. II and III 

C. il, III, and IV 

D. II, III, and V 

E. III and IV 

2. Which of the following are recognizable structures 
during development of the heart afterthe heart 
tubes fuse? 

I. Sinus venosus 

II. Bulbus cordis 

III. Atrial bulge 

IV. Ventricular bulge 

V. Truncus arteriosus 

A. I and III 

B. I, II, IV, and V 

C. II, III, and IV 

D. II, III, IV, and V 

E. III, IV, and V 

3. The oxygenated biood leaves the placenta and travels 

to the fetus through the_. 

A. Aortic artery 

B. Umbilical vein 

C. Umbilical artery 

D. Spiral artery 

E. Ductus arteriosus 

4 . Most of the fetal biood entering the main 

pulmonary artery is shunted to the aorta through 
the_? 

A. Foramen ovale 

B. Ductus venosus 

C. Ductus arteriosus 

D. Superior vena cava 

E. Iliac arteries 

5. Most of the fetal biood entering via the umbilical 

vein is shunted to the inferior vena cava through 
the_? 

A. Foramen ovale 

B. Ductus venosus 

C. Ductus arteriosus 

D. Superior vena cava 

E. Iliac arteries 


6. Normal circulatory changes occurring within the tran¬ 
sitional stage at birth include which of the following? 

I. A decrease in pulmonary vascular resistance 

II. A decrease in systemic vascular resistance 

III. A decrease in pulmonary artery pressure 

IV. An increase in left ventricular pressure 

V. An increase in pulmonary biood 

A. I and IV 

B. I, II, IV, and V 

C. I, III, IV, and V 

D. II, III, and V 

E. III, IV, and V 

7. Most of the fetal biood entering via the right atrium 

is shunted to the left atrium through the_? 

A. Foramen ovale 

B. Ductus venosus 

C. Ductus arteriosus 

D. Superior vena cava 

E. Aortoiliac shunt 

8. When discussing fetal circulation, which of the 
following is true? 

A. Fetal shunts help to shunt the best oxygenated 
biood to the head. 

B. Pressure gradients related to biood flow are 
the opposite of those in an adult. 

C. Fetal shunts help to bypass the lungs. 

D. The placenta has low vascular resistance. 

E. All of the above 

9. What one set of actions causes the systemic circulation 
to transition from a low-resistance system to a high- 
resistance system? 

A. Clamping the umbilical cord and creating a short 
period of hypoxia 

B. Getting a higher concentration of oxygen into 
the lungs with the first breath 

C. Clamping the umbilical cord, thus preventing 
biood flow to the placenta 

D. Pulmonary hypertension from a change in biood 
flow direction 

E. Expulsion of the placenta at birth 

10. Anatomical narrowing of the ductus arteriosus 
begins in the last trimester by which process? 

A. The formation of bulges known as intimal 
mounds 

B. The release of tolazoline compounds 

C. Ductal termination 

D. The formation of the aortic valve 

E. Activating thrombokinins 
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LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 


1. Identify various high-risk conditions that may adversely 

3. Explain preterm labor and postterm pregnancy evaluation 

affect pregnancy outcome 

and management 

2. Describe current methods used for antenatal and 

4. Describe the current recommendations for assisting the 

intrapartum assessment of fetal well-being 

newborn from intrauterine to extrauterine life 
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Anencephaly 
Biophysical profile (BPP) 
p-Mimetic drugs 

Bronchopulmonary dysplasia (BPD) 

Cervical cerclage 

Cervical dilation 

Cervical effacement 

Cervical insufficiency 

Contraction stress test (CST) 

Doppler ultrasonography 

Endomyometritis 

Esophageal atresia 

Fetal alcohol syndrome 

Fetal fibronectin 

Germinal matrix 

Gestational diabetes mellitus 

Group B Streptococcus (GBS) 


Growth restriction 
Hepatitis B virus (HBV) 

Herpes simplex virus (HSV) 
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(HIV) 

Hydrops fetalis 

Intrauterine growth restriction 
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Intraventricular hemorrhage (IVH) 
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Meconium aspiration 
Necrotizing enterocolitis (NEC) 
Nonstress test (NST) 
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Placenta previa 
Placental abruption 
Polyhyd ramnios 
Potter’s syndrome 
Preeclampsia 
Preterm delivery 

Premature rupture of membranes 
(PROM) 

Respiratory distress syndrome 
(RDS) 

Retinopathy of prematurity (ROP) 
Sudden infant death syndrome 
(SIDS) 

Syphilis 

Teratogen 

Tocolytic 

Velamentous cord insertion 
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The transition from intrauterine life to the outside world 
is a critical process that involves major physiological 
changes and may require medical attention for an optimal 
outcome. Cooperation and communication among all 
members of the health care team are essential to identify 
potential problems and to intervene in a timely manner. 
That team includes obstetricians, pediatricians, nurses 
skilied in obstetrics and neonatology, anesthesiologists, 
and respiratory therapists. Maternal history, antenatal 
assessment (as dictated by maternal-fetal risk factors), and 
intrapartum monitoring are all-important in identifying 
the fetus or newborn at risk of decompensation during 
the perinatal period. This chapter outlines the essentials of 
antenatal assessment and touches briefly on the manage¬ 
ment of some high-risk conditions: preterm delivery, post¬ 
term pregnancy, and extrauterine transition of the fetus. 
The following sections will also discuss some commonly 
encountered risk factors associated with pregnancy and 
delivery. Comorbidities of the mother and abnormalities 
of the pregnancy that contribute significantly to compro- 
mised fetal well-being and preterm delivery are described. 
The chapter concludes with a section on assisting the fetus 
to extrauterine life. 

MATERNAL AND PERINATAL 
DISORDERS 

At the initial prenatal visit, the obstetrical care provider 
obtains a comprehensive maternal history and performs 
a physical examination. Disorders that place a pregnancy 
at increased risk for adverse pregnancy outcome are identi- 
fied and included in an initial problem list that serves as a 
quick summary for future reference. Subsequent periodic 
visits serve the purpose of identifying new obstetrical risks 
that may necessitate special interventions. The following 
sections discuss commonly encountered maternal-fetal 
risk factors and their impact on obstetrical care and 
perinatal outcome. 

Diabetes Mellitus 

Diabetes in pregnancy is classified broadly as pregesta- 
tional or gestational. 

Pregestational Diabetes Mellitus. Women whose 
diabetes was diagnosed before the onset of pregnancy 
(pregestational diabetes) are at significant risk for adverse 
maternal and fetal outcomes. Adverse maternal outcomes 
include increased risk of developing diabetic ketoacidosis, 
proliferative retinopathy, and preeclampsia/eclampsia. 
Close maternal metabolic surveillance focused on attain- 
ing normal biood glucose levels throughout pregnancy has 
significantly decreased the frequency of these outcomes. 

Adverse fetal outcomes include unexplained fetal 
death in the third trimester of pregnancy and major fetal 
structural malformations. Close maternal metabolic 
surveillance coupled with close fetal biophysical evalua- 
tion has significantly decreased the risk of fetal death and 


the necessity of delivering a fetus prematurely because of 
abnormal test results. The rate of fetal structural malfor¬ 
mations in infants born to pregestational diabetic women 
can be as high as 10% to 15%, compared with a rate of 1% 
to 2% for infants of otherwise healthy women. The most 
commonly encountered defects are malformations of the 
cardiovascular system, including both the heart and great 
vessels, and the central nervous system, including the 
brain and spinal cord. No amount of maternal metabolic 
surveillance or fetal biophysical assessment after the 
period of fetal organogenesis will decrease this risk. There- 
fore it is recommended strongly that women with diabetes 
mellitus receive counseling and treatment with the goal of 
achieving optimal glycemic control before they become 
pregnant. 

Gestational Diabetes Mellitus. Gestational diabetes 
mellitus (GDM) is abnormal glucose tolerance of variable 
degree that occurs or is first recognized during pregnancy. 
The frequency of this disorder varies according to body 
mass index, maternal age, and the ethnic background of 
the woman and is said to complicate about 3% to 8% of 
pregnancies in the United States. Poor biood sugar control 
in these women is associated with an increased risk of 
macrosomia (birth weight greater than 4000 g), traumatic 
vaginal delivery, and preterm delivery and a small risk of 
fetal death in some women. After delivery, the infants 
are at increased risk for metabolic disturbances in the 
neonatal period; these include hypoglycemia, hypocalce- 
mia, hyperkalemia, hyperbilirubinemia, and idiopathic 
respiratory distress syndrome. In the long term, women 
with GDM are at risk of developing type 2, or adult-onset, 
diabetes; nearly 50% will be diagnosed with type 2 diabetes 
within 10 years. 

Among pregnant women, selective screening based on 
risk factors identifies only half. Thus, at the present time, 
it is recommended that all pregnant women be screened 
for gestational diabetes. Traditionally, patients have been 
screened with the 1-hour glucose challenge test adminis- 
tered between 24 and 28 weeks of gestation. For those with 
an abnormal screening result, the diagnosis of GDM is 
made when there are two abnormal values on a 3-hour, 
100-g oral glucose tolerance test. The American Diabetes 
Association now recommends performing a 2-hour, 75-g 
oral glucose tolerance test between 24 and 28 weeks in all 
pregnant women not previously diagnosed with diabetes 
mellitus. 1 

Maternal glycemic control and fetal biophysical status 
are monitored in a manner similar to protocols for ma- 
naging the pregnancy complicated by pregestational 
diabetes (see Table 3-1). With good maternal glycemic 
control, pregnancies complicated by GDM can proceed to 
full term with a normal delivery; cesarean delivery is 
reserved for traditional obstetrical indications. Insulin 
has traditionally been the drug of choice for achieving 
glycemic control in patients with gestational diabetes. 
More recently, glyburide, a sulfonylurea analog that 
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TABLE 3-1 


Criteria for the Diagnosis of Diabetes Mellitus Using 
Oral Glucose Tolerance Testing 

Glucose Load 

Time 100 g Glucose 75 g Glucose 


Serum Glucose Serum Glucose 

MG/DL MMOL/L MG/DL MMOL/L 


Fasting 

95 

5.3 

92 

5.1 

1 hour 

180 

10.0 

180 

10.0 

2 hours 

155 

8.6 

153 

8.5 

3 hours 

140 

7.8 




The diagnosis of diabetes during pregnancy is based on the serum glu¬ 
cose after ingestion of an oral glucose load. The diagnosis is made 
when two serum glucoses are elevated after ingestion of the 100-gram 
load or one elevated serum glucose after ingestion of the 75-gram load. 
American Diabetes Association. Postpartum statement: diagnosis and 
classification of diabetes mellitus, Diabetes Care 2011;34:s562. 


stimulates the release of insulin from beta cells in the 
pancreas, has come into use in the treatment of gestational 
diabetes. It appears to be free of adverse perinatal effects 
and is as effective as insulin, especially is women whose 
fasting glucose is 110 mg/dl (5.5 mmol/L) or less. 2 

Infectious Diseases 

A number of infectious agents can affect pregnancy out- 
come. Among the most important in the United States are 
group B Streptococcus (GBS), herpes simplex virus 
(HSV), human immunodeficiency virus (HIV), and 
hepatitis B virus (HBV). 

Group B Streptococcus 

As many as 10% to 40% of pregnant women are colonized 
with GBS. Their infants are at risk for death or severe 
morbidity if they are born prematurely or after prolonged 
rupture of the fetal membranes. 

In the past, two approaches were adopted for the 
prevention of early-onset GBS disease: culture-based and 
risk-based approaches. More recently, and based on a 
large retrospective cohort study, the American College of 
Obstetricians and Gynecologists recommends the culture- 
based approach because of its superiority in prevention of 
GBS disease. 3 

Vaginal/rectal cultures are usually obtained at 35 to 
37 weeks of gestation. Patients with positive cultures 
should be treated with antibiotics from the time of mem- 
brane rupture or from the onset of labor. Penicillin is 
the drug of choice, with ampicillin being a good alterna¬ 
tive. In the case of allergy to penicillin, sensitivity studies 
for clindamycin and erythromycin should be performed. 
Vancomycin is indicated in the case of resistance to clinda¬ 
mycin and erythromycin or in case of absent sensitivity 
studies. Patients who present in labor or with rupture of 
membranes with unknown GBS status should be given 
antibiotic prophylaxis in case of intrapartum fever, 
prolonged membrane rupture (more than 18 hours), or 


preterm delivery (less than 37 weeks of gestation). Note 
finally that antibiotic prophylaxis for GBS disease should 
be given to all patients with GBS bacteriuria during the 
current pregnancy or with a previous infant with invasive 
GBS disease. 3 

Herpes Simplex Virus 

Genital HSV infection is perhaps the most common 
sexually transmitted disease. Women who have primary or 
recurrent HSV outbreaks during pregnancy risk infecting 
their baby if there is viral shedding as evidenced by 
herpetic lesions in the vagina or on the vulva at the time of 
membrane rupture or the onset of labor. In these circum- 
stances, the virus can ascend to infect the fetus; therefore 
cesarean delivery is undertaken as soon as possible after 
membrane rupture or after the onset of labor. If clinical 
shedding occurs earlier in pregnancy, the woman can be 
treated according to Centers for Disease Control and 
Prevention (CDC) guidelines with acyclovir with no risk 
to the fetus. 4 It is now well established that, for women 
who experience frequent outbreaks of HSV shedding, con- 
tinuous suppression with acyclovir beginning at 36 weeks 
of gestation results in fewer outbreaks at term and a 
decreased need for cesarean deliveryd 

Human Immunodeficiency Virus 
and Hepatitis B Virus 

At this time, all pregnant women enrolled in prenatal care 
are screened for HIV and HBV infection. Both viruses can 
cause disease in the fetus. 

HIV. In the general obstetrical population in the 
United States, the frequency of HIV infection is about 
1 per 1000. The prevalence is as high as 1% to 1.5% in 
inner-city populations. 6 Approximately 30% of the exposed 
fetuses will also acquire the infection. Zidovudine (an 
antiretroviral drug) used during pregnancy, during labor, 
and as chemoprophylaxis for 6 weeks in exposed newborns 
is associated with a decrease in perinatal HIV transmission 
to 8.3%. 8 When care includes both zidovudine therapy and 
a scheduled cesarean delivery, the risk is approximately 
2%. 9 Nursing should be discouraged in HIV-positive 
women because the virus is secreted in breast milk. 

HBV. Around the world some 2 billion individuals 
have been infected with HBV and 350 million remain 
chronically infected. In the United States 0.5% of the popu¬ 
lation test positive for the hepatitis B surface antigen 
and are thus chronically infected. 10 Infants of women 
infected with HBV are at high risk of becoming infected at 
delivery. When these infants are treated with anti-hepatitis 
B immunoglobulin and are begin vaccination within the 
first 12 hours of life, 95% of neonatal infections are 
prevented. Cesarean delivery of these newborns provides 
no protection at delivery. 11 

Cytomegalovirus, rubella, Toxoplasma gondii, Listeria 
monocytogenes, mycobacterial species, and Treponema 
pallidum (syphilis) can all significantly affect the mother, 
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fetus, and fetoplacental unit. Early diagnosis and treat- 
ment of the pregnancy complicated by infection with 
Listerid, Toxoplasma, or syphilis can result in normal 
pregnancy outcomes. 

Toxic Habits in Pregnancy 

Maternal habits should be assessed early in the course 
of gestation. Smoking, alcohol use, and illicit drug use in 
pregnancy can cause well-described adverse effects on the 
fetus. The American College of Obstetricians and Gyne- 
cologists (Washington, DC) estimates that the prevalence 
of substance abuse in pregnant women is about 10%. 12 

Alcohol 

Alcohol is a potent teratogen, an agent or factor that causes 
malformation of the fetus. Fetal alcohol syndrome, first 
described in 1973 by Jones and colleagues 1 ’and associated 
with maternal use of alcohol during pregnancy, is character- 
ized by mental retardation and prenatal and postnatal 
growth restriction, as well as by brain, cardiac, spinal, and 
craniofacial anomalies. It is usually seen among children of 
women who consume four to six drinks daily throughout 
pregnancy. 14 However, no safe range for drinking alcohol 
during pregnancy has been established. 

Smoking 

Smoking during pregnancy can cause several adverse 
effects. Carbon monoxide and nicotine, the main ingredi- 
ents responsible, mediate their effects by decreasing the 
availability of oxygen to the fetus and placenta. A strong 
association occurs between cigarette smoking and lower 
birth weight. 1:1 The mean birth weight of infants of women 
who smoke during pregnancy is about 200 g less than 
that of infants of nonsmokers. Smoking is also associated 
with a higher incidence of preterm premature rupture 
of membranes (PROM, i.e., rupture of the membranes 
before the onset of labor before 37 weeks of gestation), 16 
placental abruption (i.e., separation of the placenta 
before birth of the newborn), and placenta previa (i.e., 
when the placenta partially or completely covers the 
cervix), 17 and risk of infant death from sudden infant 
death syndrome, the unexplained death of an infant 
under 1 year of age. 18 

Cocaine 

Cocaine has a potent sympathomimetic action and hence 
is a potent constrictor of biood vessels. It can cause 
numerous maternal medical complications that include 
myocardial infarction, stroke, seizures, bowel ischemia, 
and death. Cocaine is also associated with adverse preg¬ 
nancy sequelae: placental abruption, preterm delivery, 
birth of an infant more than 20 weeks and less than 
37 weeks of gestation, and growth restriction (estimated 
fetal weight less than the tenth percentile for gestational 
age). 19 It is also thought to cause congenital malforma- 
tions of the limbs, heart, brain, and genitourinary tract. 


Other Substances 

Finally, infants born to women who abuse opiates or 
amphetamines during pregnancy tend to have significant 
withdrawal symptoms after birth and to be small for 
gestational age. The obstetrical care provider can have 
an impact on prevention of substance abuse in preg¬ 
nancy by identifying patients at risk, educating patients 
about the effects of drugs, and referring patients already 
abusing drugs. 

HIGH-RISK CONDITIONS 
Hypertension and Preeclampsia 

Hypertensive disease complicates 12% to 22% of pregnan- 
cies in the United States and is second only to pulmonary 
embolism as a cause of maternal mortality. 9,211 Perinatal 
morbidity and mortality are increased secondary to 
intrauterine growth restriction (IUGR), placental 
abruption, and preterm delivery. Preeclampsia is a preg- 
nancy-specific multisystem disorder traditionally diag- 
nosed as the onset or exacerbation of hypertension, pro- 
teinuria, and edema in the second half of pregnancy. It 
complicates approximately 5% to 8% of pregnancies. 
Predisposing factors for the development of preeclampsia 
are listed in Box 3-1. 

Preeclampsia remains a poorly understood disease 
despite extensive research. Immunological mechanisms, 
genetic predisposition, dietary deficiencies, vasoactive 
substances, and endothelial dysfunction have all been 
implicated in the pathophysiology of preeclampsia. 21 The 
diagnosis of severe preeclampsia (Box 3-2) generally 
mandates immediate delivery whether or not the fetus is 
mature. 

Definitive treatment of preeclampsia is by delivery 
of the fetus and placenta. Magnesium sulfate is used to 
prevent seizures, and antihypertensive agents such as 
hydralazine and labetalol are usually used to control severe 
hypertension. The recurrence rate of preeclampsia is about 
25%. 22 Calcium, magnesium, and zinc supplementation 
and use of low-dose aspirin have been studied for preven¬ 
tion of pregnancy-induced hypertension, with conflicting 
results thus far. 


Predisposing Factors for the 
Development of Preeclampsia 

• Nulliparity (never having given birth to a child) 

• Advanced maternal age 

• Chronic hypertension 

• Chronic renal disease 

• Diabetes mellitus 

• Twin gestation 

• Molar pregnancy (gestational trophoblastic disease) 

• Hydrops fetalis (total body edema [anasarca] with pleural 
and pericardial effusion) 


Box 3-1 
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Criteria for the Diagnosis of Severe 
Preeclampsia 

Clinical criteria for the diagnosis of severe preeclampsia is 
diagnosed in the presence of the following: 

• Systolic biood pressure higher than 160 mm Hg 

• Diastolic biood pressure higher than 110 mm Hg 

• Proteinuria: more than 5 g per 24-hour urine collection 

• Pulmonary edema 

• Intrauterine growth restriction 

• Oliguria: urine output less than 500 ml in 24 hours 

• Thrombocytopenia: platelet count less than 100,000/ml 

• Headache 

• Visual disturbances: scotomata, blindness 

• Epigastric or right upper quadrant abdominal pain 

• Hepatocellular dysfunction 

• Grand mal seizure: definition of eclampsia 


Box 3-2 


Fetal Membranes, Umbilical Cord, 
and Placenta 

In utero the fetus is contained in the sterile, fluid-filled 
amniotic sac. If the membranes that compose the external 
lining of the amniotic sac rupture before term (before 
37 weeks of gestation) or before the onset of normal labor 
at term, the fetal environment is no longer sterile, increas- 
ing the risk of fetal infection. At the same time, the volume 
of fluid in the sac decreases. This may cause compression 
of the umbilical cord, resulting in compromised biood 
flow between the placenta and fetus. The causes of prema- 
ture rupture of the fetal membranes are generally not 
known but are responsible for 35% to 40% of preterm 
births in the United States. Preterm rupture of the fetal 
membranes can be seen as being responsible for all the 
problems faced by most prematurely born infants. 

Abnormalities of the umbilical cord and placenta can 
have profound effects on fetal development and pregnancy 
outcome. The umbilical cord has a mean length of 55 cm 
and contains three vessels: two arteries and one vein. The 
two arteries arising from the end of the fetal aorta bring 
relatively deoxygenated biood from the fetus to the 
placenta, and the single umbilical vein returns oxygenated 
biood from the placenta to the fetus. In 3% of pregnancies, 
the umbilical cord contains a single umbilical artery. A 
single umbilical artery is associated with fetal structural 
and chromosomal anomalies as well as fetal growth 
restriction. 

The length of the umbilical cord has long been recog- 
nized to be of clinical significance. A short cord predis- 
poses to placental abruption and uterine inversion. A long 
cord is associated with cord prolapse (delivery of the cord 
before the infant, with compromise of biood flow from 
compression), cord knots, and nuchal cords (cord wrapped 
around the infant’s neck). Marginal cord insertion (on 
the edge of the placenta) is of little clinical importance. 
Velamentous cord insertion (in which the umbilical 
vessels cross the fetal membranes unsupported by 


placenta or cord structure) may be associated with risk 
of rupture of a fetal vessel at the time of rupture of 
membranes, resulting in fetal exsanguination. 

Placental abruption is separation of the placenta 
from its implantation anytime before delivery of the fetus. 
Abruption complicates 1:180 deliveries. Partial or complete 
separation results in abrupt cessation of gas exchange 
between the mother and fetus with rapidly evolving fetal 
hypoxia, acidosis and fetal death. In addition, the mother 
can suffer life-threatening hemorrhage and coagulopathy. 
It is usually associated with the following 24 : 
Hypertensive disease in pregnancy 

• Advanced maternal age 

• Multiparity 

Preterm premature rupture of membranes 

• Trauma 
Cigarette smoking 
Cocaine abuse 

Uterine leiomyoma (benign tumor of the uterus) behind 
the placental implantation site 

Placenta previa occurs when the placenta implants 
over or close to the internal cervical os. Placenta previa 
complicates nearly 1:300 deliveries. Cesarean delivery is 
usually required. Placenta previa is associated with the 
following: 

■ Advanced maternal age 

• Multiparity 

Prior cesarean delivery 

■ Multiple gestation 

Disorders of Amniotic Fluid Volume 

Early in pregnancy, amniotic fluid is derived from the 
fetal periderm (the as yet noncornified fetal skin) and the 
fetal membranes that compose the amniotic sac. Later, 
the majority of amniotic fluid is the product of fetal urina- 
tion, with little contribution from the now cornified fetal 
skin. Fetal swallowing is an important mechanism for 
absorption of amniotic fluid. The fetal lungs help circulate 
the amniotic fluid. The amniotic fluid index (AFI) is calcu- 
lated by measuring the depth of the largest vertical pocket 
of fluid in each of the four equal uterine quadrants at 
the time of ultrasound examination. It is the most com- 
monly used method for quantification of amniotic fluid 
volume. 

Oligohydramnios, too little amniotic fluid or an AFI 
below 5 cm, is usually associated with congenital anoma¬ 
lies (especially renal agenesis or urinary tract obstruction), 
fetal growth restriction or demise, postterm pregnancy 
(pregnancy continuing beyond 42 weeks from the first day 
of the pregnant woman’s last menstrual period [more than 
294 days]), ruptured membranes, uteroplacental insuffi- 
ciency, and use of prostaglandin synthase inhibitors. When 
oligohydramnios occurs early in gestation, it can cause 
lung hypoplasia and limb deformities. When renal agene¬ 
sis occurs in association with oligohydramnios, it is called 
Potter’s syndrome and is always fatal. Later in gestation, 









26 


SECTION I • Fetal Development, Assessment and Delivery 


oligohydramnios is usually associated with adverse perina- 
tal outcomes secondary to compression of the umbilical 
cord. In labor there is an increase in variable decelerations 
(as a result of cord compression) and an increase in cesarean 
delivery rates. 25 

Polyhydramnios, too much amniotic fluid or an 
amnAFI greater than 24 cm, is often associated with fetal 
malformations that might affect swallowing of amniotic 
fluid (e.g., anencephaly; congenital absence of the cranial 
vault; esophageal atresia; and tracheoesophageal fistula, 
connection between the trachea and esophagus). It is 
also associated with hydrops fetalis, effusions within the 
pericardial, pleural and peritoneal space of the fetus with 
fetal edema, twin gestation (with twin-twin transfusion 
syndrome), and maternal diabetes. Polyhydramnios over- 
distends the uterus and can lead to premature rupture of 
membranes, preterm labor, and cord prolapse. 

Preterm Birth 

Preterm birth is the greatest cause of infant mortality in the 
otherwise normal newborn. In the United States, 12% to 14% 
of neonates are born preterm and are at risk for significant 
morbidities, including sepsis; respiratory distress syn¬ 
drome (RDS); intraventricular hemorrhage (IVH); bleed- 
ing into the ventricular system of the brain; retinopathy 
of prematurity (ROP); disorganized retinal vascular growth, 
which can lead to retina scarring and blindness; broncho- 
pulmonary dysplasia (BPD), a chronic pulmonary disease 
associated with oxygen and positive pressure ventilation 
and necrotizing enterocolitis (NEC), a bacterial infection 
of the intestinal wall; visual and hearing problems; and cere¬ 
bral palsy. The smaller the infant, the greater are the risks for 
mortality and morbidity 26 (Table 3-2). 

Box 3-3 lists some specific medical risk factors for 
preterm labor and delivery. Preterm birth can also be seen 
as the consequence of four broad categories of events 
(Figure 3-1). The baseline risk that any pregnant woman 
will experience preterm labor leading to the delivery of a 


TABLE 3-2 


Infant Mortality Rates in the United States, 2008 



Live Births 

No. (%) 

Infant Death 
No. (%) 

Infant 

Mortality 

Rate* 

Total Infants 

4,247,726 (2) 

28,075 

6.61 

<32 weeks 

84,230 (1.6) 

14,778 (53) 

175.45 

32-33 weeks 

66,648 (2) 

1172 (4) 

17.58 

34-36 weeks 

372,162 (9) 

2753 (10) 

7.40 

37-41 weeks 

3,478,057 (82) 

8470 (30) 

2.44 

£42 weeks 

240,795 (6) 

648 (2) 

2.69 

Unknown 

5834 (0.1) 

255 (1) 



*Deaths of children up to 1 year of age per 1000 live births. 

From Mathew TJ, Mac Dorman MF. Infant mortality statistics from the 
2008 period: linked birth/ infant death data set, Natl Vital Stat Rep 
2012;60(5). 


Box 3-3 


Medical Risk Factors Associated 
with Preterm Labor and Delivery 


Previous preterm delivery 

Premature rupture of membranes 

Genital infections: Chlamydia trachomatis, Gardnerella 

vaginalis 

Nongenital infections: pyelonephritis, pneumonia 
Chorioamnionitis: infection of fetal membranes and 
amniotic fluid 

Conditions that overdistend the uterus: multiple gesta- 
tions, increased amount of amniotic fluid 
Bleeding in the first trimester of pregnancy 
Placental conditions: placental abruption or placenta 
previa 

Abnormalities of the uterine cavity: uterine septum or 
fibroids 

Fetal anomalies 
Cervical insufficiency 
Short interval between pregnancies 
Lifestyle factors: 

Smoking 
lllicit drug use 
Inadequate weight gain 
Obesity 

Young or advanced maternal age 
Poverty 
Short stature 
Occupational factors: 

Prolonged standing or walking 
Strenuous work conditions 
Long work hours 



Multiple 
gestation 3% 


Reasons for preterm birth 

FIGURE 3-1 A pie chart of the four most common reasons for 
preterm birth. 


preterm infant is about 5.6%. A history of spontaneous 
preterm labor with delivery is one of the most important 
risk factors for subsequent preterm labor. With one prior 
preterm birth, a woman carries a 15% risk of subsequent 
preterm delivery; this risk increases to 32% with a history 
of two previous preterm births. 27 
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Signs of preterm labor include back pain, menstrual- 
like pains, pelvic heaviness, vaginal discharge, and vaginal 
bleeding. Diagnosis of labor is based on having six con- 
tractions in a 1-hour period associated with cervical 
changes: cervical dilation (opening wider) and cervical 
effacement (thinning out). Several approaches to preven- 
tion of preterm labor have been studied. These include 
serial cervical examinations, home uterine activity moni- 
toring, prophylactic use of oral tocolytics (an agent used 
to arrest uterine contractions), and bed rest. None has 
been shown to be clearly effective. 

Fetal fibronectin (a glycoprotein produced in the 
chorion) is expressed in cervical and vaginal secretions in 
most cases of preterm labor. It has been studied as a marker 
of preterm labor in symptomatic patients. The absence of 
fetal fibronectin is a strong predictor that preterm delivery 
is unlikely to happen within 1 to 2 weeks, with a negative 
predictive value exceeding 95% in some studies. 2S Its use 
may be beneficial in providing reassurance to asymptomatic 
women who have high-risk factors for preterm delivery. 29 

Once preterm labor is diagnosed, prompt measures 
should be taken to try to stop labor and prevent an early 
delivery. Intravenous hydration is commonly the first 
approach used. It does not seem to be of clinical signifi- 
cance in a well-hydrated patient. 30 Excessive hydration 
should be avoided, because it can potentiate the risk of 
pulmonary edema that is usually associated with tocolytic 
use. Commonly used tocolytics: 

Magnesium sulfate 

(3-Mimetic agents 

Indomethacin (a prostaglandin inhibitor) 

Less commonly used tocolytics: 

Nifedipine (calcium channel blocker) 

Nitroglycerin (nitric oxide donor drug) 

• Atosiban (oxytocin antagonist) 

Combination therapy 

Magnesium sulfate is usually given as an initial intrave¬ 
nous bolus of 4 g to 6 g followed by intravenous infusion 
at 2 to 4 g/hr. Its main mechanism of action is decrease 
free intracellular calcium ion concentration, resulting 
in decreased electrical potential of the cell. Magnesium 
sulfate is contraindicated in patients with hypocalcemia, 
renal failure, and myasthenia gravis. Potential toxic effects 
include pulmonary edema, respiratory depression, cardiac 
arrest, muscular paralysis, and profound hypotension. 31 
Loss of deep tendon reflexes usually precedes the previ- 
ously mentioned complications. Deep tendon reflexes are 
frequently checked to monitor patients receiving therapy. 
Magnesium biood level can also be assessed. Toxic effects 
are rarely seen with levels less than 8 mg/dl or in patients 
with deep tendon reflexes. 

P-Mimetic drugs (e.g., terbutaline and ritodrine), 
agents that mimic naturally occurring hormones that 
stimulate the [3-adrenergic receptor, can also cause uterine 
relaxation. They decrease the electrical potential of the 
cell by increasing calcium binding to the intracellular 


sarcoplasmic reticulum, an effect mediated by cyclic ade- 
nosine monophosphate. They are contraindicated in pa¬ 
tients with poorly controlled diabetes, thyrotoxicosis, and 
maternal cardiac disease. Potential side effects include hy- 
perglycemia, hypokalemia, hypotension, pulmonary edema, 
arrhythmias, and myocardial ischemia. |3-Mimetic drugs 
are administered intravenously. The rate of infusion is 
slowly titrated upward until a clinical response is obtained. 
Maternal pulse rate correlates with the biood concentra¬ 
tion o f the drug and is typically used to assess the adequacy 
of the dosage. A pulse rate higher than 120 beats per 
minute should be avoided. This class of tocolytic drugs is 
infrequently used because of the significant complications 
associated with their use. 

Indomethacin (a prostaglandin inhibitor) reduces the 
synthesis of prostaglandins by inhibiting cyclooxygenase. 
It is contraindicated in patients with asthma, gastrointes- 
tinal bleeding, renal failure, coronary artery disease, 
and oligohydramnios. Its major potential complications 
include renal failure, gastrointestinal bleeding, and hepati¬ 
tis (with chronic use). It can cause oligohydramnios 
and when used after 32 weeks of gestation it may induce 
closure of the ductus arteriosus in the fetus, leading to 
heart failure and hydrops. Indomethacin is used orally 
or via the rectal route. Ultrasound is used to periodically 
assess the amniotic fluid volume when indomethacin 
is used. 

Tocolytics are widely used for the treatment of preterm 
labor. Studies have failed to show much success beyond 
delaying delivery for 48 hours. 32 Adjunctive therapy 
with corticosteroids for induction of fetal lung maturity is 
beneficial and justifies the use of tocolytics. 

All women between 24 and 34 weeks of gestation with 
preterm labor and intact membranes are candidates for 
antenatal corticosteroid therapy.' Patients with preterm 
labor and ruptured membranes benefit from corticoste¬ 
roid therapy between 24 and 32 weeks of gestation. 
Betamethasone and dexamethasone are most commonly 
used for antenatal corticosteroid therapy. Maximal benefit 
occurs 48 hours after initiation of therapy and lasts for 
7 days. Corticosteroids reduce respiratory distress syn- 
drome and neonatal morbidity by 50%. 34 This effect is due 
to induction of proteins that regulate the production of 
surfactant by type II cells in the fetal lungs. Corticoste¬ 
roids also decrease the incidence of intracranial hemor- 
rhage, probably by promoting maturation of the germinal 
matrix, a highly cellular and vascularized region of the 
brain that produces both neurons and glial cells that 
migrate to the cerebral cortex. Repeated corticosteroid 
courses should not be used routinely because of the pos- 
sible risk of adverse neurodevelopmental outcome. 33 

Prevention of preterm delivery in patients with previous 
preterm deliveries is currently being studied. A study using 
weekly intramuscular injection of 17a-hydroxyprogester- 
one caproate showed promising results in decreasing 
the rate of recurrent preterm birth. 3 ' Other progesterone 
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formulations and other routes of administration are being 
studied. Preliminary results are promising. Long-term 
safety studies are under way. 

Cervical Insufficiency 

Cervical insufficiency is defined as painless dilation of 
the uterine cervix in the second trimester of pregnancy. 
This may progress to prolapse of the fetal membranes 
through the cervix into the vagina with delivery of an 
immature newborn. There is no consensus at this time 
concerning the causes of cervical insufficiency. Some have 
implicated prior surgery of the cervix, such as cone biopsy, 
and trauma to the cervix from mechanical dilation or 
birth-associated lacerations. The patient with risk factors 
for cervical insufficiency is generally evaluated by trans¬ 
vaginal ultrasound examination of the cervix at intervals 
starting at 16 weeks of gestation to identify changes in 
cervical length and dilation (Figure 3-2). If cervical short- 
ening or funneling of the cervix is diagnosed at any time 
into the late second trimester (22 to 24 weeks of gestation), 
a cervical cerclage is offered. 31 The most commonly 
performed cerclage is simply a purse-string suture placed 
as high as possible around the cervix. For women with a 
history of pregnancy loss caused by cervical insufficiency, 
elective cerclage is usually performed at 14 weeks of gesta¬ 
tion after confirmation by ultrasound of the absence of 
gross congenital anomalies in the fetus. 

Postterm Pregnancy 

Postterm pregnancy complications occur in 3% to 12% of 
pregnancies. The most common reason for a diagnosis of 
postdate gestation is inaccurate dating because of either 
irregular ovulation or inaccurate recall of last menstrual 
period. Inaccurate dating is often encountered in patients 
who become pregnant after discontinuation of birth 
control pilis. These patients tend to experience a delay in 
ovulation of 2 or more weeks. Less common causes of 



FIGURE 3-2 Ultrasound picture ofa fetus at 23 weeks of gesta¬ 
tion (top), with a Doppler study of the fetal heart (bottom). 
Dop, Doppler; Fr, frame; Freq, frequency; PRF, pulse-repetition 
frequency; SV, sample volume; WF, wall filter. (Courtesy Frank 
Fox, RDMS.) 


postterm pregnancy are fetal anencephaly, placental sulfa¬ 
tase deficiency, and abdominal pregnancy. Most postterm 
pregnancies are of unknown cause; deficiency of prosta- 
glandin production or refractoriness of the cervix to 
endogenous prostaglandins could be the cause. 38 An 
emerging modifiable risk factor associated with postterm 
pregnancy is obesity. 39 

Postterm pregnancy may be associated with maternal 
and neonatal problems. A woman may suffer from anxiety 
when she is past her due date and still undelivered. She 
is at higher risk of obstetrical trauma (e.g., vaginal and 
cervical laceration) from delivery of a large infant. Physi- 
cally she is at increased risk of long-term sequelae such as 
incontinence and pelvic relaxation. The infant may suffer 
from oligohydramnios, macrosomia, meconium aspira¬ 
tion (inhalation of fetal fecal discharge into the fetal 
lungs), and placental insufficiency. After reaching a maxi- 
mum of about 1 L at 37 weeks of gestation, amniotic fluid 
volume decreases gradually. The decrease in amniotic fluid 
may result in cord compression, fetal hypoxia, and a higher 
incidence of cesarean delivery for fetal heart rate (FHR) 
abnormalities. Intrapartum amnioinfusion, the installa¬ 
tion of fluid into the amniotic cavity, significantly im- 
proves neonatal outcome and lessens the rate of cesarean 
section in the presence of oligohydramnios. 40 

Fetal macrosomia-increases the risk of cesarean 

delivery for dystocia (abnormal or difficult childbirth) and 
increases the risk of birth trauma during vaginal delivery 
as a result of shoulder dystocia (when the anterior shoulder 
of the infant cannot pass below the mother’s hip bone 
or requires significant manipulation to pass the pubic 
symphysis), resulting in brachial plexus palsy. 

Meconium passage in utero is common after 42 weeks 
of gestation. It is associated with fetal hypoxia.. Aspiration 
of meconium may lead to obstruction of the respiratory 
passages and interference with surfactant function. For 
this reason, current recommendations include tracheal 
intubation of the limp, cyanotic newborn to remove 
meconium from below the vocal cords. A recent adequately 
powered randomized trial of amnioinfusion to prevent 
infant death or meconium aspiration failed to demon- 
strate any benefit to this intervention. 41 As a result, 
the American College of Obstetricians and Gynecologists 
recommends against routine ammnioinfusion to prevent 
meconium aspiration syndrome. 42 

Placental insufficiency is another hazard to the fetus. 
When the placenta “ages,” it fails to provide the fetus with 
substantial nutritional requirements. This may result in fetal 
intrauterine growth restriction. In labor, poor beat-to-beat 
variability, late decelerations, and bradycardia may be signs 
of fetal compromise as a result of placental insufficiency. 

To decrease fetal risk of adverse outcome, two strategies 
are widely used: antenatal surveillance and induction of 
labor. There is a lack of evidence that antenatal testing 
improves neonatal outcome. However, it became standard 
practice because of its universal acceptance. Because of the 
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lack of evidence, it is not clear when to start antenatal sur- 
veillance. There are wide variations of practice regarding 
what method of testing to use (see Antenatal Assessment 
later in this chapter) and how often to perform testing. 
Furthermore, it is unclear whether labor induction results 
in a better outcome when compared with antenatal 
surveillance. The American College of Obstetricians and 
Gynecologists recommends labor induction for pregnan- 
cies at 41 weeks or more when the cervix is favorable. When 
the cervix is unfavorable, cervical ripening followed by 
labor induction and fetal antenatal surveillance are 
acceptable options. 43 

Labor induction can be achieved with various medica- 
tions when the cervix is favorable for induction. Intravenous 
infusion of oxytocin, a hormone secreted from the poste- 
rior pituitary that stimulates uterine contractions and milk 
letdown, is most commonly used. Oxytocin is started at a 
rate of 1 or 2 mU/min and increased periodically un til 
an adequate pattern of uterine contractions is achieved. 
Possible side effects include water retention with long use 
of high doses (usually more than 20 mU/min). This can 
result in hyponatremia with seizures and coma in the 
mother. Oxytocin also causes hypotension when adminis- 
tered rapidly as an intravenous bolus. Uterine rupture and 
amniotic fluid embolism have been cited with oxytocin use. 

When the cervix is unfavorable for induction, its texture, 
dilation, and effacement can be improved by several 
modalities. Mechanical methods include placement of a 
Foley catheter balloon or osmotic dilator (Laminaria 
tents) into the cervical canal. Laminaria tents are thought 
to act by absorbing water from the cervix, rendering it 
softer, resulting in dilation and effacement, a process 
referred to as cervical ripening. Pharmacological agents 
have also been used for cervical ripening. Prostaglandin E 2 
cervical gel (Prepidil) and vaginal insert (Cervidil) are widely 
used. They act by causing dissolution of collagen fibers in 
the cervix. The most common side effects include maternal 
fever, nausea, vomiting, and diarrhea. Misoprostol (Cyto- 
tec) is a prostaglandin Ej analog that is approved by the 
Food and Drug Administration for the prevention of ulcers 
that occur during long-term treatment with nonsteroidal 
antiinflammatory drugs. Because of its uterotonic effect, it 
has been increasingly used for cervical ripening and labor 
induction. Its popularity stems from its effectiveness, low 
cost, and stability at room temperatured J Safety concerns 
have been raised in view of reports of uterine rupture occur- 
ring after misoprostol induction in patients with previous 
uterine scars 45 and in multiparous patients. 46 

ANTENATAL ASSESSMENT 

To ascertain the pregnancy at risk for an adverse outcome, 
one must begin with a thorough history and physical 
examination. Technological advances have made it possi¬ 
ble to make many assessments of fetal condition. Both 
invasive and noninvasive methods of evaluating fetal 


structure and function are used with regularity. It is 
possible to view fetal anatomy, measure fetal biochemical 
and genetic status, assess fetal biophysical status, evaluate 
uteroplacental function, and determine the ability of the 
fetus and placenta to function during the normal stresses 
of labor. Depending on the characteristics of any given 
pregnancy, most perinatal centers are capable of perform- 
ing detailed antepartum assessment. 

Ultrasound 

One of the most widely used methods of noninvasive 
assessment of the fetus is ultrasonography (see Figure 3-2). 
Using ultra-high-frequency sound waves and transabdom- 
inal or transvaginal transducers to obtain real-time 
images, the clinician can diagnose multifetal pregnancy 
and evaluate fetal anatomy, growth, and position. One can 
also localize the placenta within the uterus, measure amni¬ 
otic fluid volume, estimate fetal growth over time, and 
assess fetal biophysical status. In addition, Doppler flow 
studies measure biood flow to fetal organs. Doppler ultra¬ 
sonography measures the shifts in frequency in the emit- 
ted ultrasound waves and their echoes, making it possible 
to measure the velocities of moving objects. This measure- 
ment permits early identification of fetuses at risk, 
enabling opportune delivery or transport to sophisticated 
perinatal centers. Ultrasonography is also invaluable for 
guiding the physician while performing amniocentesis, 
umbilical biood sampling, and other invasive procedures. 

Three-dimensional ultrasound imaging has been intro- 
duced to the obstetrics field. It offers better visualization 
of fetal organs (especially the face, heart, and spine) than 
the conventional two-dimensional ultrasound imaging 
Outcome studies are under way, accompanied by an in- 
crease in the use of three-dimensional ultrasound imaging 
among obstetricians and maternal-fetal specialists. 47 

Amniocentesis 

The most commonly performed invasive procedure to 
assess fetal condition is amniocentesis. In this procedure, 
under sterile conditions a needle is inserted through the 
skin and uterine wall to obtain a sample of fluid from the 
amniotic sac (Figure 3-3) Depending on the reason for 
performing the procedure, the concentration of many 
substances in the fluid can be measured. For example, as 
the fetal lung matures, pulmonary surfactant is secreted 
from the fetal lung into the amniotic fluid, where its 
concentration can be measured. Fetal cells isolated from 
amniotic fluid can be used to assess for fetal chromosomal 
abnormalities (e.g., trisomy 21), fetal enzyme deficiencies 
(e.g., Tay-Sachs), and certain discrete genetic mutations 
(e.g., sickle cell disease). 

Nonstress Test and Contraction 
Stress Test 

Fetal well-being is highly dependent on placental function. 
Placental function is commonly assessed by monitoring 
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sac. The fluid can then be tested to detect chromosomal abnor- 
malities in fetal cells or other problems and to determine fetal 
lung maturity. (From McKinney E, James S, Murray S, Nelson K, 
Ashwill J. Maternal-child nursing, ed 4, WB Saunders: Philadelphia, 
2012 .) 


the fetal heart rate response when the fetus moves sponta- 
neously (nonstress test [NST]) or in reaction to induced 
uterine contractions (contraction stress test [CST]). 
For both tests, the FHR is monitored continuously. In 
the normally oxygenated fetus (as with a child or adult), 
cardiac output rises to support physical activity. This rise 
in cardiac output can be mediated by an increase in either 
heart rate or stroke volume. In the fetus, cardiac output 
rises by increasing the heart rate. 

A reactive NST (Figure 3-4) requires at least two 
accelerations in fetal heart rate, each of at least 15 beats 
per minute and lasting at least 15 seconds, associated 
with maternal perception of fetal movement over a period 
of 20 minutes. A reactive NST is highly correlated with 
normal uteroplacental function. If no change in maternal 
clinical status transpires, this result predicts normal 
fetal survival when this test is performed within 1 week 
of delivery. 48 


The CST is conducted by continuously monitoring the 
FFIR while uterine contractions are stimulated by intrave- 
nous infusion into the mother of a dilute solution of 
oxytocin. In a normal pregnancy, fetal Po 2 (partial pressure 
of oxygen) decreases with each uterine contraction and 
then rapidly returns to normal. A fetal Po 2 drop below 
12 mm FIg, resulting in slowing of the FHR, indicates 
uteroplacental insufficiency. This slowing of the FHR in 
response to uterine contractions is called a late decelera- 
tion. A negative CST is one in which no late decelerations 
of the FHR develop with a frequency of three contractions, 
each lasting 40 to 60 seconds, per 10 minutes. A positive 
CST is diagnosed when late decelerations follow at least 
50% of contractions. A suspicious CST is one in which 
late decelerations are inconsistent (follow less than 50% of 
contractions). Assuming no change in maternal clinical 
status, a negative CST predicts fetal survival if performed 
within 1 week of delivery. An abnormal CST must prompt 
further evaluation or delivery. 

Fetal Biophysical Profile 

The fetal biophysical profile (BPP) (Table 3-3) assesses 
placental function and fetal well-being. 49 The BPP has 
been likened to the Apgar score (a quick method to assess 
the health of a newborn baby, based on the scoring of five 
factors [see Chapter 4]). In producing a BPP, five determi¬ 
nants of fetal status are assessed and given a score of 0 to 
2. Four are assessed by ultrasonography. They include 
fetal breathing, fetal tone, fetal gross body movement, 
and amniotic fluid volume. The fifth determinant is the 
NST. A BPP score of 8 to 10 is considered normal and 
reassuring; a score of 6 is equivocal and is generally 
repeated within 24 hours; BPP scores of 0 to 4 are clearly 
abnormal, are associated with poor perinatal outcomes, 
and require careful evaluation and usually immediate 
delivery. 80 

Mode of Delivery 

Most deliveries occur spontaneously by the vaginal route. 
Typically, infants born vaginally are delivered head first 
(vertex presentation). However, there are times when 
assisted vaginal delivery (with forceps or vacuum) or 
abdominal delivery (cesarean) is needed. Breech presenta¬ 
tion (legs or buttocks first) occurs in 3% to 4% of all 
births. 

Breech Presentation 

The breech position creates a situation in which there is 
greater potential for complications at the time of delivery. 
Predisposing factors for breech presentation include 
multiparity, previous breech delivery, uterine anomalies, 
fetal anomalies, multiple gestation, and polyhydramnios. 
The Term Breech Trial Collaborative Group conducted 
a multicenter randomized controlled trial of planned 
cesarean versus planned vaginal delivery for breech pre¬ 
sentation at term. It concluded that planned cesarean 
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FIGURE 3-4 A nonstress test recording, produced with a cardiotocograph. A, The fetal heart rate 
(FHR) is recorded with an ultrasound probe as changes in beats per minute (bpm) over time. B, Uterine 
contractions (UC) are recorded with a pressure transducer as changes in pressure (mm Hg) over time. 
In this case the nonstress test is reactive, indicating normal uteroplacental function. 


TABLE 3-3 


Biophysical Profile Scoring 

Biophysical Variable 

Normal (Score = 2) 

Abnormal (Score = 0) 

Fetal breathing movements 

At least one episode of FBM, lasting at least 

30 sec, in 30 min 

No FBM or no episode lasting >30 sec 
in 30 min 

Gross body movements 

At least three discrete body/limb movements 
(episodes of active continuous movement, 
considered as a single movement) in 30 min 

Two or fewer episodes of body/limb 
movements in 30 min 

Fetal tone 

At least one episode of active extension with 
return to flexion of fetal limb ortrunk; opening 
and closing of hånd considered normal tone 

Either slow extension with return to 
partial flexion movement of limb in 
full extension or absent fetal movement 

Reactive FHR 

At least two episodes of FHR acceleration 
of >15 bpm and lasting at least 15 sec 
associated with fetal movement in 20 min 

Fewer than two episodes of acceleration 
of FHR or acceleration of <1 5 bpm in 
40 min 

Qualitative AFV 

At least one pocket of AF that measures at 
least 1 cm in two perpendicular planes 

Either no AF pockets or a pocket 
<1 cm in two perpendicular planes 


AF, Amniotic fluid; AFV, amniotic fluid volume; bpm, beats per minute; FBM, fetal breathing movements; FHR, fetal heart rate. 
Modified from Manning FA et al: Fetal biophysical profile score and the nonstress test: a comparative trial, Obstet Gynecol 1984;64:326. 


delivery is preferred because of less risk for perinatal 
mortality or serious morbidity and no increase in serious 
maternal complications. 51 Two small randomized con- 
trolled trials published earlier did not find planned cesar- 
ean delivery of substantial benefit to the fetus. 52 ' 53 At 
present, the American College of Obstetricians and 
Gynecologists recommends that patients with persistent 
breech presentation at term in a singleton gestation should 
have a planned cesarean delivery. This recommendation 


does not apply to patients who present with breech presen¬ 
tation in labor and with imminent delivery." 14 Transverse 
lie, in which the fetus is oriented transversely inside the 
uterus, is another malpresentation that requires cesarean 
delivery. 

Assisted Vaginal Delivery 

Obstetrical forceps is an instrument used to cradle and 
guide the fetal head while applying traction to expedite 
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delivery. The vacuum extractor is a suction device that 
holds the head tightly and allows traction to be applied. 
Indications for forceps or vacuum use include maternal 
cardiac, pulmonary, or neurological disease (contraindi- 
cating the pushing process); maternal exhaustion in labor; 
and nonreassuring fetal status. 

Cesarean Delivery 

Cesarean delivery is the operative delivery of the fetus 
through the abdominal wall. It accounted for 33% of all 
births in the United States in 2011.” 

Major indications for cesarean delivery include the 
following: 

Previous cesarean delivery 
Failure to progress in labor 
Malpresentation (breech or transverse) 

Placenta previa 
Nonreassuring fetal status 

Although cesarean delivery might be the least traumatic 
method of delivery of the fetus, it is associated with the 
following: 

• An increased risk of significant maternal biood loss 

• Anesthesia complications 
Intraoperative biadder or bowel injuries 
Postoperative wound infection 

Endomyometritis 

• Thromboembolic events 

Transient Tachypnea of the Newborn/ 
Type II Respiratory Distress Syndrome 

The syndrome of transient tachypnea of the newborn (wet 
lung or type II respiratory distress syndrome [see Chapter 22, 


Neonatal Complications and Pulmonary Disorders]), which 
includes the clinical features of cyanosis, grunting, and 
tachypnea during the first hours of life, is more commonly 
seen in infants delivered by cesarean, especially if that cesar¬ 
ean was performed before the onset of labor. The preferred 
explanation for the clinical features is delayed absorption of 
fetal lung fluid. 56 

INTRAPARTUM MONITORING 

Evidence suggests that the use of continuous FHR moni- 
toring during labor in uncomplicated pregnancies has 
little to no impact on neonatal outcome. 5 Despite this 
finding, its use has become routine in the United States. Its 
Utility in high-risk patients is valuable. The response of the 
FF1R to uterine contractions does provide information 
concerning the status of the fetus during labor. FHR 
responses to uterine contractions and their likely etiolo- 
gies are illustrated in Figures 3-5, 3-6, and 3-7. 

On many obstetrical services, when persistent severe 
variable or late decelerations of the FHR are diagnosed, 
fetal scalp biood is obtained via transvaginal fetal scalp 
puncture, and biood gas measurements can be obtained. 
Scalp biood pH greater than 7.25 is considered reassuring; 
values of 7.15 or less signal high risk of fetal acidemia. 
Many clinicians believe that scalp biood gas assessment in 
the face of an abnormal FHR pattern more precisely 
defines the fetus at risk and can thus prevent unnecessary 
forceps and cesarean deliveries. 

An alternative to scalp biood gas assessment is fetal 
scalp stimulation. Using the underlying rationale of 
the NST, transvaginal stimulation of the fetal scalp to 



FIGURE 3-5 Early decelerations (coinciding with uterine contraction) usually are due to fetal head 
compression and pose little threat to the fetus. 
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FIGURE 3-6 Variable decelerations are the most common. They are due to cord compression and 
have different configurations. Repetitive severe variable decelerations are associated with increased risk 
of fetal hypoxia. 



FIGURE 3-7 Late decelerations are due to uteroplacental insufficiency. They usually begin at the peak 
of the contraction and are associated with fetal distress. 


induce fetal movement results in acceleration of the 
fetal heart rate and reassures the clinician that the fetus 
is not hypoxemic or acidemic. 58 Table 3-4 lists normal 
values for fetal scalp biood and umbilical cord biood 
gases. 

Fetal oxygenation as determined by fetal pulse oxim- 
etry has been studied for intrapartum fetal assessment. 


A randomized controlled trial of intrapartum fetal pulse 
oximetry revealed a decrease in the number of cesarean 
deliveries performed for nonreassuring fetal heart trac- 
ing. The fetal pulse oximetry did not change the overall 
cesarean delivery rate. 59 More randomized controlled 
trials comparing fetal pulse oximetry with conventional 
fetal surveillance techniques are under way. 
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TABLE 3-4 


Normal Values for Fetal Scalp Biood and Umbilical Cord Biood Gases 

Fetal Scalp During Labor Umbilical Cord at Birth Arterial Sample After Birth 

First-Stage Second-Stage 



Labor 

Labor 

Umbilical Artery 

Umbilical Vein 

5-10 Min 

30 Min 

60 Min 

P H 

7.33 

7.29 

7.24 

7.32 

7.21 

7.30 

7.33 

PCO 2 (mm Hg) 

44 

46 

49 

38 

46 

38 

36 

Po 2 (mm Hg) 

22 

16 

16 

27 

50 

54 

63 

Bicarbonate (mEq/L) 

20 

17 

19 

20 

17 

18 

19 


Pcc> 2 , Carbon dioxide pressure; P 02 , oxygen pressure. 

Data from Beard RW, Nathanielsz PW: Fetal physiology and medicine. New York: Marcel Dekker, 1984; and Koch G, Wendel H. Adjustment of arterial 
biood gases and acid-base balance in the normal newborn infant during the first week of life, Biol Neonate 1968;12:136. 


FETAL TRANSITION TO 
EXTRAUTERINE LIFE 

Appropriate evaluation and intervention at the time of 
delivery of a fetus/newborn is key to the successful transi¬ 
tion from a pattern of fetal circulation to that of the new¬ 
born. The physiological changes include increased Pao 2 , 
decreased pulmonary vascular resistance, increased sys- 
temic vascular resistance, and closure of the foramen ovale 
and ductus arteriosus. These adaptations to extrauterine 
life occur immediately after delivery or in the first several 
hours after birth. The majority of newborns transition 
without intervention, but all newborns require a knowl- 
edgeable clinician to evaluate the success of the transition 
and intervene if the newborn displays maladaptation to 
the extrauterine environment. 60 

The environment where a baby is delivered can vary. 
The Guidelines for Perinatal Care delineate levels of hospi¬ 
tal birthing services from Level I through Level III. 61 These 
levels have specific criteria that determine the type of 
pregnant women and newborns who should be cared for in 
a specific level of birthing hospital. Level I services provide 
basic maternity and newborn care to women with normal 
term pregnancies. Level II services care for moderately ill 
pregnant women and care for newborns with a gestational 
age greater than 32 weeks. Level III is defined as a birthing 
hospital that should be able to care for the most complex 
of maternal, fetal, and newborn conditions. Depending on 
the level of perinatal service, resources for the care of the 
pregnant women and newly born may vary. 

In the event that a pregnant women presents to a hospi¬ 
tal with a perinatal designation that does not meet the 
needs of her pregnancy or the fetus, intrauterine transport 
to a higher level of perinatal service should be accom- 
plished if at all possible. These transfers may also occur 
after delivery. Many States have regionalized perinatal care 
systems that provide an organized approach to the trans¬ 
fer of pregnant women and newborns to higher levels 
of perinatal service as determined by level of illness and 
complexity and hospital resources. 61 

When a high-risk delivery occurs, whether planned or 
an emergency, key personnel, equipment, and supplies 
and medications, including biood products, need to be 


available. In most circumstances information from a 
woman’s medical records can be obtained so there are 
baseline data regarding the patient. In trauma circum¬ 
stances or when a pregnant patient is brought in uncon- 
scious or incapacitated, the situation can be very difficult. 
When a woman or fetus is deemed too unstable or labor 
has progressed too far to transfer the pregnant woman, 
preparation for delivery should occur. Maternal prepara- 
tion should include intravenous access, fetal and contrac- 
tion monitoring, 100% oxygen via non-rebreather mask, 
and side-lying position to take pressure ofif the vena cava 
and maximize placental perfusion. Importantly, the team 
that will assess and provide newborn resuscitation must 
be alerted. If a cesarean delivery is planned, the goal is 
to begin surgery within 30 minutes of the decision to per¬ 
form surgery—the so-called decision to incision time. Thus 
there should be a care plan in place that ensures timely 
availability of surgical and anesthesia support staff. 62 

Preparations for the care of the newborn immediately 
after delivery need to be carefully planned regardless of 
the level of perinatal service in which a baby is delivered. 
Pregnant women are also brought to hospitals without 
delivery services, which requires that emergency depart- 
ments be prepared to facilitate transition to extrauterine 
life for a newborn and provide resuscitation if necessary. 

Systems should be in place for identifying newborns 
likely to require resuscitation (many of which have been 
delineated earlier in this chapter) and how to notify and 
gather a team if resuscitation is anticipated, and the team 
members roles should be clearly delineated before the 
resuscitation event. 

At a minimum, staff should be familiar with the recom- 
mendations for newborn resuscitation and have the equip¬ 
ment and medications necessary for the assessment and 
resuscitation of a newborn. The most recent edition of the 
American Heart Association and American Academy of 
Pediatrics Textbook ofneonatal resuscitation (NRP), sixth edi¬ 
tion, provides an excellent in-depth source for the most 
recent standards for newborn resuscitation in hospitals. 63 

One of the biggest changes to accepted resuscitation 
standards for newborns in the sixth edition of NRP (2011) 
is the need for compressed air and pulse oximetry for 
all newborns requiring resuscitation. If ventilation is 
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necessary, term infant ventilation is started with room air 
(21%) via positive pressure device and changes in oxygen 
concentration are made using clinical assessment and 
preductal pulse oximetry. Specific guidelines for preductal 
pulse oximetry readings in the first 10 minutes of life in 
term babies are published and should be used to guide 
resuscitation maneuvers and administration of oxygen. 64 
Preterm infant resuscitation is started with oxygen, at a 
concentration of less than 100%, with changes in oxygen 
concentration being based on clinical assessment and 
pulse oximetry data. 

Most newborns make a successful transition to extra- 
uterine life without intervention. The lower the gesta- 
tional age of the newborn, the more likely he or she will 
require assistance. The transition needs to be observed by 
a skilied clinician. This can be done with the term infant 
placed on the mother’s chest, skin to skin. Interventions 
are made in the event that the newborn is apneic or has 
gasping respirations, is bradycardic, or does not transition 
from cyanotic to pink within the excepted time frame. 
These interventions are completed on a newborn resuscita¬ 
tion table, which may be present in the delivery room or 
located in an adjacent newborn stabilization room. 

Thermal management is critically important to a 
successful extrauterine transition. Efforts should be made 
to reduce heat loss as much as possible. There is a marked 
increase in glucose and oxygen consumption when a newly 
born infant is cold stressed. In an infant with a difficult 
transition, cold stress may precipitate the development of 
persistent pulmonary hypertension, a clinical situation in 
which pulmonary vascular resistance remains high, fetal 
shunts remain open, and biood flow to the newborn lung 
is minimal. 60 

In utero, a fetus may pass meconium. Meconium is the 
first stool a newborn passes and contains debris from amni- 
otic fluid, vernix, and bowel exudate. If passed and the newly 
born infant is depressed (i.e., decreased heart rate, respira- 
tory effort, or tone), the newborn should be intubated via 
the trachea and suctioned via a meconium aspirator. 65 If the 
newborn is further compromised, immediate implementa- 
tion of addition resuscitation steps are mandated. 

Based on the observers’ assessment of the newborn’s 
response, resuscitation continues. Infants who are apneic 
may be in primary or secondary apnea. The first maneuver 
is to clear the airway with either a bulb syringe or suction 
catheter. An apneic newborn needs to be immediately 
stimulated to breathe. The response to stimulation will 
indicate primary or secondary apnea. The newborn will 
begin to breathe if the apnea was primary. Secondary 
apnea is only resolved with the implementation of 
positive pressure ventilation. 

If assistance with respiratory effort is needed, there 
are three currently accepted methods of providing positive 
pressure ventilation (PPV): the self-inflating bag, the flow- 
inflating bag, and the T-piece resuscitator. 63 The self- 
inflating bag does not require a compressed gas source to 
fill and can be used without a gas source; self-inflating 


bags do not provide positive end-expiratory pressure 
(PEEP) without attaching a PEEP valve. The flow inflating 
bag requires a gas source to distend it and can provide 
PEEP without an additional valve. The third device, the 
T-piece resuscitator requires the operator to preset a peak 
inspiratory pressure and PEEP before providing PPV. 

The amount of pressure delivered by the self-inflating 
and flow-inflating bags is determined by the seal of the 
mask to the newborn’s face and the squeeze the operator 
delivers when compressing the bag. The T-piece pressures 
are preset. The rate of ventilation recommended is 40 to 
60 breaths per minute and is determined by how frequently 
the bag is squeezed, in the case of the self-inflating and flow- 
inflating bags. The rate when using the T-piece resuscitator 
is determined by depressing a valve on the tubing that 
attaches the T-piece device to the newborn mask. All devices 
used for newborn ventilation require safety features to 
avoid excessive pressure, which can result in lung injury 
and air leak. Recent literature suggests that the T-piece most 
reliably delivers ventilation at the prescribed pressures. 66 

Once ventilation is established, the newborn’s response 
needs to be assessed. Chest rise and improvement in color 
should occur. A member of the team should have attached 
the pulse oximeter to the preductal (right hånd or wrist) 
limb and be preparing to check an apical heart rate. Using 
these data, the need for further resuscitation efforts can be 
made. Decisions include the need to increase to Fio 2 and 
the need to perform chest compressions. Simultaneously 
another member of the team will prepare an advanced 
airway for placement and prepare for the administration of 
medications. 67 

Chest compressions should be provided if the new¬ 
born’s heart rate is less than 60 beats per minute. A skilied 
team member should place an endotracheal tube at this 
juncture if one has not already been placed. 

Medications should be prepared for administration if the 
heart rate remains below 60. Placement of an umbilical cath¬ 
eter is ideal for epinephrine administration. However, the 
first dose of epinephrine may be given via the endotracheal 
(ET) tube if the placement of the umbilical line delays 
prompt administration of the medication. Doses of epineph¬ 
rine will vary based on the route of administration.' 1 

Special thermal management strategies are necessary 
for preterm infants. These include the use of conductive 
heat-gaining mattresses and polyethelene wrap for infants 
32 weeks of gestation or less. 68,69 

There is one situation where it is acceptable to allow a 
newborn’s core temperature to drop to between 33°C and 
34° C. Infants who have had a difficult transition and may 
have neonatal encephalopathy and meet specific criteria, 
the first one being a gestation of more than 36 weeks, may 
benefit from therapeutic hypothermia. This specific ther- 
apy is done in Level III perinatal centers and should not be 
undertaken without their guidance.' 0,71 

The time of the initiation of resuscitation needs to 
be documented, along with frequent documentation of 
respiratory effort, heart rate, and oxygen saturations. If 
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the baby does not improve or remains asystolic, decisions 
regarding additional strategies need to be made.' 2 

Simulation of difficult deliveries and subsequent new- 
born resuscitations are helpful in identifying the level of 
stafPs competence and the validity of the systems that 
support their efforts in these challenging situations. 
Knowledge of the equipment and the sequence of resusci- 
tation needs to be evaluated, as well as the evidence of 
teamwork. Administrative support is necessary to ensure 
that the time and resources needed to complete simulation 
are available and issues identified during the scenarios are 
rectified. 73 

When a delivery is imminent, preparation is critical. All 
staff, equipment, and medications should be available and 
ready for use. Using the accepted sequence, resuscitation 
should proceed. After the resuscitation, the staff should 
debrief the experience and use challenges to improve per- 
formance in the future. 1 


CASE STUDY 


Ms. S is a 19-year-old woman who is gravida 2, para 1 at 
42 weeks and 1 day. Her pregnancy has been uncomplicated. 
She denies tobacco, alcohol, and drug use. Her pap smear is 
normal. She is O Positive Direct Antiglobulin test (DAT-), 
Rapid Plasma Reagin (RPR) non-reactive NR, gonorrhea 
negative, rubella immune (RI), GBS negative, HIV negative, 
HbSAg negative, with a normal 1-hour glucose challenge test. 
She was seen in the obstetrical clinic yesterday and had a BPP 
done. Results were reported to be within normal limits. A 
single comment was documented, stating a “slightly de- 
creased volume of amniotic fluid.” 

She presents today to labor and delivery with regular, 
strong contractions. Her vaginal exam (VE) shows she is 
4 cm dilated, 80% effaced, —2 station. The presenting fetal 
part is the head. 

An epidural anesthetic is placed for pain Control during 
labor. Two hours after admission her membranes spontane- 
ously rupture and a small amount of green-tinged fluid 
appears. At this time her VE shows that she is 6 cm dilated, 
90% effaced, 0 station. Dark green, thick meconium is present 
on the glove of the examiner. The fetal heart rate tracing 
shows that heart rate is 160 beats per minute with variability 
of 25 to 30 beats per minute, no decelerations. 

Two hours later Ms. S is fully dilated, with variable decel¬ 
erations on the fetal heart rate monitor. She is now pushing. 
The neonatal team is called to attend the delivery of this 
postmature fetus with meconium-stained amniotic fluid. 

The team arrives before the delivery and prepares the 
resuscitation table for the birth ofa term infant with poten¬ 
tial for meconium aspiration. The neonatologist prepares the 
laryngoscope, endotracheal tubes, and meconium aspirator. 
The respiratory therapist prepares the blended gas source 
(air and oxygen), the T-piece resuscitator, and the self- 
inflating bag and mask. The registered nurse prepares the 
resuscitation table by turning on the heat and the pulse 
oximeter and prepares the pulse oximetry probe. 


The baby is delivered limp, with decreased respiratory 
effort. The baby is placed on the warmer, immediately intu- 
bated, and a small amount of meconium is recovered from 
below the vocal cords. The team elects not to reintubate the 
baby and begins to clear the infant’s airway further and 
stimulate the baby. At 1 minute the baby is noted to have a 
heart rate greater than 100 beats per minute, gasping respi¬ 
rations, limited tone, and no reflexes and remains cyanotic, 
with an Apgar score of 4. The pulse oximetry probe is placed 
preductally and Sac >2 reads 70%. The respiratory therapist 
notes the gasping respirations and begins to ventilate the 
baby with the T-piece resuscitator. The T-piece is set at 21%, 
peak inspiratory pressure (PI) of 25 cm H 2 0 and positive 
end-expiratory pressure (PEEP) of 5 cm H 2 0 with a rate of 
approximately 40 breaths per minute. Chest excursion is 
observed bilaterally with the delivery of the breaths. The 
nurse again checks the heart rate and it is noted to be more 
than 100 beats per minute. Breath sounds are equal. 

The infant begins to breath spontaneously and cry under 
the mask, begins to flex limbs, and becomes less blue. The 
Sao 2 now reads 80% at 5 minutes. The ventilation is discon- 
tinued. The neonatologist assigns a 5-minute Apgar of 8, 
1 off for color and 1 off for tone. Two minutes later the 
infant is well flexed and has a lusty cry. The pulse oximeter 
reads 89%. The baby is then wrapped in a blanket and is 
placed on her mother’s chest. The staff remains to ensure 
that the infant continues to transition successfully. 

1. How often does gestation exceed 42 weeks? 

2. What are some of the potential risk factors associated 
with a postterm pregnancy? 

3. Why do you think amniotic fluid volume may be 
decreasing? 

4. Did the neonatal team adequately prepare for the birth 
of the infant? 

5. What are your comments about their teamwork? How 
would you brief and debrief this clinical situation? 

6. Are the newborn’s recorded oxygen saturations as 
expected? 


See Evolve Resources for answers. 

KEY POINTS 

• Identification of prepregnancy chronic diseases and 
careful continuous assessment for disorders specific 
to pregnancy are important in maximizing maternal 
and fetal outcome. 

• Fetal and cervical ultrasound, Doppler, and continuous 
electronic fetal monitoring are tools that can inform 
the progress of the pregnancy and maternal and fetal 
well-being. These tools often are used to determine 
maternal management, medications, bed rest, and 
indicated preterm delivery. 

• Preterm labor can often be predicted. Strategies 
to lengthen gestation and improve the newborn 
outcome should be initiated as soon as preterm 
delivery is anticipated. 

• Postterm pregnancy can be associated with maternal 
and fetal morbidity. Careful attention to fetal size 
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and well-being should be implemented when a preg- 
nancy becomes prolonged. 

• Evidence-based strategies recently have been published 
regarding assisting newborns in the transition to extra- 
uterine life. The use of titrated oxygen concentrations 
in response to the newborn’s successful establishment 
of respiratory effort, vital signs, and preductal oxygen 
saturations are recommended. 


] ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. All of the following are criteria for diagnosis of severe 
preeclampsia except: 

A. Headache 

B. Diastolic biood pressure higherthan 110 mm Hg 

C. Generalized edema 

D. Intrauterine growth restriction 

2. Cesarean delivery is indicated for which one of the fol¬ 
lowing maternal infections: 

A. Group B Streptococcus 

B. Hepatitis B 

C. Hepatitis C 

D. Anogenital herpes simplex virus 

3. Polyhydramnios is associated with all of the following 
except: 

A. Gestational diabetes 

B. Anencephaly 

C. Twin-twin transfusion syndrome 

D. Use of prostaglandin synthase inhibitors 

4. Late decelerations are usually caused by: 

A. Uteroplacental insufficiency 

B. Fetal anemia 

C. Umbilical cord compression 

D. Fetal head compression 

5. The earliest sign of magnesium sulfate toxicity is: 

A. Hypotension and tachycardia 

B. Loss of deep tendon reflexes 

C. Respiratory depression 

D. Acute renal failure 

6. When used for labor induction, misoprostol is contra- 
indicated for patients with: 

A. Postterm pregnancy 

B. Preeclampsia 

C. Previous cesarean section 

D. Nulliparous pregnancy 

7. All of the following are true about the use for induc¬ 
tion of fetal lung maturity except: 

A. Corticosteroids are contraindicated for patients 
with premature rupture of membranes. 

B. Betamethasone and dexamethasone are the most 
commonly used corticosteroids. 

C. Corticosteroid use is associated with a decreased 
risk of fetal intracranial hemorrhage. 

D. Corticosteroid therapy reduces risk of RDS and 
other morbidities by 50%. 


8. In preparing the delivery or operating room for the 
delivery of an infant expected to require resuscita- 
tion, all of the following should be prepared except: 

A. A warmed environment. 

B. A device that can only provide positive pressure 
ventilation at 100% oxygen. 

C. Staff skilied in assisting a newborn’s transition 
to extrauterine life. 

D. A pulse oximeter for the newborn that is capable 
of accurate readings in low perfusion States. 

9. Full-term newborn infants initially resuscitated with 
21% Fio 2 may require an increase in the concentra- 
tion of inspired oxygen. This determination should 
be made based on: 

A. The infant’s skin color 

B. The infant’s respiratory effort 

C. The postductal oxygen saturation (as measured 
by pulse oximeter) 

D. The preductal oxygen saturation (as measured 
by pulse oximeter) 

10. Preterm infants require additional strategies to 
prevent hypothermia in the delivery room. These 
include: 

A. Polyethylene wrap for infants 28 weeks of 
gestation or less 

B. Conductive heat-gaining mattress for infants 
32 weeks of gestation or less 

C. A and B 

D. N one of the above 
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Stabilizing the Neonate 
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Drying and Warming 

Pediatric Patient History 


Clearing the Airway 

Chief Complaint 


Providing Stimulation 

New Patient History 


Apgar Score 

Follow-up or Established Patient History 

Gestational Age and Size Assessment 

Pulmonary Examination 


Physical Examination of the Neonate 
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Vital Signs 

Palpation 
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Percussion 


Respiratory Function 
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LEARNING OBJECTIVES 


After reading this chapter the reader will be able to: 

1. List steps for initial stabilization of the newborn 

2. Describe care to be given to infants bom with meconium 
staining 

3. Describe the Apgar scoring system and how and when 
it is performed on the newborn 

4. List criteria for determining whether an infant is large 
for gestational age, appropriate for gestational age, or 
small for gestational age 

5. List critical vital signs to be evaluated as part of the 
newborn’s initial physical examination 

6. Describe criteria for determining whether an infant is 
displaying apneic spells 

7. Identify signs and symptoms of respiratory distress in 
the newborn 


8. Describe the technique for rapid identification ofa 
pneumothorax in a newborn 

9. List the elements ofa basic neurological examination 
in the newborn 

10. Identify and use historical and physical findings to 
develop a differential diagnosis ofa child’s respiratory 
condition 

11. Determine the severity ofa child’s respiratory condition 

12. Communicate important historical and physical 
findings concerning a child’s respiratory condition 
to the health care team in a timely manner 
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KEY TERMS 


Acrocyanosis 
Apgar score 
Apnea 

Ballard score 

Bilateral choanal atresia 

Bronchial fremitus 

Chief complaint 

Encephaloceles 

Fontanels 

Gastroschisis 

Grunting 

Head bobbing 


Hygromas 

Lanugo 

Leukocytosis 

Leu kopen ia 

Kyphosis 

Micrognathia 

Microstomia 

Mottling 

Myelomeningoceles 
Nasal flaring 
Omphalocele 
Pectus carinatum 


Pectus excavatum 
Periodic breathing 
Prune belly syndrome 
Scoliosis 

Sternocleidomastoids 

Stretor 

Stridor 

Subgaleal hemorrhage 
Tactile fremitus 
Transillumination 
Vernix caseosa 


The first few moments of an infant’s life are the most 
critical. At this time the newborn must make the transi¬ 
tion from intrauterine to extrauterine life. Most infants 
enter extrauterine life with crying and vigorous activity. 
However, of the approximately 4 million babies born in 
the United States each year, 7.3% are low birth weight, or 
1500 to 2500 g, and 1.3% are very low birth weight, or less 
than 1500 g. 1 Adverse maternal and fetal conditions 
contribute to the need to initiate resuscitative efforts in 
approximately 6% to 10% of all deliveries, with extensive 
resuscitation required in less than 1%. 2 

Ideally, a detailed history of perinatal problems associ- 
ated with an infant who may require resuscitation 
(Box 4-1) should be available. 

STABILIZING THE NEONATE 

Stabilizing the newborn starts with proper positioning 
followed by drying and warming. Immediately after 
delivery place the infant on a preheated radiant warmer 


(Figure 4-1), and position the infant with the neck slightly 
flexed. Placing a small roli under the shoulders often at- 
tains the correct position. 

Drying and Warming 

Preventing heat loss is critical when caring for a newborn, 
because cold stress increases oxygen consumption and 
impedes effective resuscitation. If possible, deliver the in¬ 
fant in a warm, draft-free area. 3 Heat loss can be greatly 
reduced by rapidly drying the infant’s skin, immediately 
removing wet linens, and wrapping the infant in pre- 
warmed blankets. 4 

Clearing the Airway 

Suspect airway obstruction if the newborn’s respiratory 
efforts are not effective. Immediately reposition the head 
and suction to clear the airway of potential obstruction. 
Use either a bulb syringe or a suction catheter clearing the 
mouth first and then the nose. To avert injury and atelec- 
tasis, as well as interference with the infant’s ability to 


Box 4-1 


Perinatal Factors Associated with Increased Risk of Neonatal Depression 


ANTEPARTUM (FETOM ATERN AL) 

• Maternal diabetes 

• Postterm status (born at greater than 42 weeks of gestation) 

• Maternal infection (especially group B Streptococcus or herpes) 

• Hemorrhage 

• Substance abuse 

• No prenatal care 

• Age greater than 35 years 

• Multifetal gestation 

• Diminished fetal activity 

• Maternal anemia or Rh isoimmunization 

• Oligohydramnios or polyhydramnios 

• Small fetus for maternal dates 

• Previous fetal or neonatal death 

• Immature pulmonary maturity studies 

• Chronic or pregnancy-induced hypertension 

• Preterm labor or premature rupture of membranes 


Other maternal illness (e.g., cardiovascular, thyroid, 
neurological) 

Drug therapy (e.g., magnesium, adrenergic blockers, lithium) 
Congenital abnormalities 
NTRAPARTUM 

Maternal or fetal infection 
Prolapsed cord 
Prolonged labor 
Maternal sedation 
Operative or device-assisted delivery 
Meconium-stained delivery 
Prolonged rupture of membranes 
Breech or other abnormal presentation 
Indices of fetal distress (e.g., abnormal heart rate) 

See Chapter 3, Antenatal Assessment and High-Risk Delivery. 
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FIGURE 4-1 Radiant warmer. (From Price D, GwinJ. Pediatric 
nurs'mg: an introductory text, ed 11. Philadelphia: Saunders, 2012.) 


establish adequate ventilation, avoid excessive suctioning 
of clear fluid from the nasopharynx. 2 

Attempts to suction meconium from the pharynx or 
trachea before birth, during birth, or after birth increase the 
likelihood of severe aspiration pneumonia.'’ Some obstetri- 
cians orally and nasally suction meconium-stained infants 
after delivery of the head but before delivery of the shoulders. 
However, a large, multicenter, randomized trial showed no 
benefit from this practice. 6 Therefore, current recommenda- 
tions for infants with meconium staining are the following: 
No intrapartum suctioning should occur. 

Infants who are vigorous at birth (i.e., strong respira- 
tory effort, heart rate greater than 100 beats per 
minute, good muscle tone) should not receive tra- 
cheal suctioning. 

Infants who are not vigorous (i.e., no or poor respira- 
tory effort, heart rate less than 100 beats per minute, 
poor muscle tone) may receive direct laryngotracheal 
suctioning. 3 

For direct laryngotracheal suctioning, intubate the in¬ 
fant and apply suction directly to the endotracheal tube 
with the help of a meconium aspirator (Figure 4-2). Con- 
stantly apply suction while removing the tube from the 
airway. Repeat the intubation and suctioning procedure 
until meconium is no longer visible in the airway or until 
resuscitation is required. 



FIGURE 4-2 Meconium aspirator. 


Providing Stimulation 

If the newborn does not respond to the extrauterine envi- 
ronment with a strong cry, good respiratory effort, and the 
movement of all extremities, the infant requires stimula¬ 
tion. Flicking the bottoms of the feet, gently rubbing the 
back, and drying with a towel are all acceptable methods of 
stimulation. Slapping, shaking, spanking, and holding the 
newborn upside down are contraindicated and potentially 
dangerous to the infant/ In the delivery room the initial 
steps of warming, clearing the airway, and stimulation 
of the non-meconium-stained infant should occur within 
30 seconds after birth. 3 

Apgar Score 

Introduced in 1952 by Virginia Apgar, the Apgar score 
(Table 4-1) is an evaluation of newborns based on five 
factors: heart rate, respiratory effort, muscle tone, reflex 
irritability, and skin color. 8 Historically, proponents of the 
Apgar score have encouraged evaluation of newborns im- 
mediately after birth. It has also been used as a predictive 
index of neonatal mortality and neurological or develop- 
mental outcome and continues to be used as the best- 
established index of immediate postnatal health. 9 The 
Apgar score obtained 1 minute after delivery provides an 
immediate evaluation of the infant and an objective mea- 
sure for evaluating future interventions. However, in the 


TABLE 4-1 


Apgar Scoring 

Parameter 


Appgar Score 


0 

1 

2 

Heart rate 

None 

<1 00 beats/min 

>100 beats/min 

Respiratory rate 

None 

Weak, irregular 

Strong cry 

Skin color 

Pale blue 

Body pink, extremities blue 

Completely pink 

Reflex irritability (response to stimulation) 

No response 

Grimace 

Cry, cough, or sneeze 

Muscle tone 

Limp tone 

Some flexion 

Well flexed 













CHAPTER 4 • Examination and Assessment of the Neonatal and Pediatric Patient 


43 


delivery room resuscitation may be well under way at the 
1-minute mark and should not be interrupted for Apgar 
scoring. 

Scoring again at 5 minutes of age gives information 
about the infant’s ability to recover from the stress of birth 
and adapt to extrauterine life. When the S-minute Apgar 
score is less than 7, additional scores are usually obtained 
at 5-minute intervals un til the score is greater than 7. 
Survival of the infant is unlikely if the score remains 0 after 
10 minutes of resuscitation. 10 

The most important of the signs is heart rate, which 
indicates life or death. Failure of the heart rate to re- 
spond to resuscitation is an ominous prognostic sign. 9 
Heart rate appears to be least affected by developmental 
maturity but may still be inadequate because of develop¬ 
mental difficulties in establishing cardiorespiratory func- 
tion at birth. 

In the immediate newborn period, skin color has the 
weakest correlation with the other four components of the 
Apgar score. Also, color does not reliably correlate with 
umbilical arterial pH, carbon dioxide pressure, and base 
excess. 11 

GESTATIONAL AGE AND SIZE 
ASSESSMENT 

Ideally, gestational age assessment is performed before the 
neonate is 12 hours old, to allow the greatest reliability 
for infants less than 26 weeks of gestational age. 12 ' 14 Evalu- 
ating gestational age requires consideration of several 
factors. The three main factors are as follows: 

Gestational duration based on the last menstrual cycle 

Prenatal ultrasound evaluation 

Postnatal findings based on physical and neurological 

examinations 

Postnatal examinations for determining gestational age 
include the Ballard score, which is based on external 
physical findings, and neurological criteria. Often a gray- 
white cheeselike substance, called vernix caseosa, is pres¬ 
ent in the skin folds of a term infant. However, vernix is 
even more abundant on a preterm infant and suggests an 
earlier gestational age. The presence of lanugo, the fine 
hair that covers premature infants mostly over the shoul- 
ders, back, forehead, and cheeks, indicates an even younger 
gestational age (Figure 4-3). 

Once gestational age is determined, weight, length, and 
head circumference are plotted on a standard newborn 
grid. Any infant whose birth weight is less than the tenth 
percentile for gestational age is small for gestational age; 
similarly, an infant whose birth weight is more than the 
ninetieth percentile is large for gestational age. When us- 
ing intrauterine growth curves, it may be necessary to 
consider specific charts that are race and gender specific. 15 
Along with prematurity, abnormal gestational age and 
size for gestational age are associated with many neonatal 
disease processes (Figure 4-4). 


PHYSICAL EXAMINATION 
OF THE NEONATE 

The physical examination of an adult is generally con- 
ducted in a rigid head-to-toe format. When examining an 
infant, however, the order of the examination is modified 
to establish critical information; for example, auscultation 
of the heart and lungs is done before the infant becomes 
agitated and begins to cry. However, the examiner must 
still completely examine the baby in an orderly and priori- 
tized manner. As a general rule the following order works 
best, although this approach may require modification 
based on the clinical situation. 

Vital Signs 

Quickly assess the vital signs of the infant. Table 4-2 
lists normal ranges for neonatal biood pressure. Absolute 
numbers are not as important as the relative ranges when 
considering the clinical situation. Heart rate of a neonate 
is often best assessed by listening with a stethoscope for 
the apical beat over the precordium. In the delivery room, 
lightly grasping the base of the umbilical cord and feeling 
the pulse can quickly estimate heart rate. As an example, 
the heart rate is normally 120 to 170 beats per minute. The 
heart rate of a term infant in deep sleep may decrease to 
80 or 90 beats per minute. An infant undergoing a painful 
procedure or who is hungry may have a transient heart rate 
greater than 200 beats per minute. In comparison, a neo¬ 
nate older than 35 weeks of gestation has greater variabil- 
ity in heart rate than an infant born at 27 to 35 weeks 
of gestation. Presumably, in the younger infant, parasym- 
pathetic-sympathetic interaction and function are less 
developed. 16 

Normal values for temperature are 97.6 ± 1°F (axillary) 
and 99.6 ± 1 °F (rectal); however, temperature on arrival in 
the nursery may be lower if the delivery room was cold or 
may be higher if the radiant warmer was operating at a 
higher temperature because of incorrect probe position or 
warmer malfunction. 

Record the respiratory rate and biood pressure when 
determining vital signs. 

General Inspection 

Observing the infant’s overall appearance is an important 
aspect of the physical examination. Ideally, examine the 
infant as he or she lies quietly and unclothed in a neutral 
thermal environment. Body position and symmetry, both 
at rest and during muscular activity, provide valuable in¬ 
formation regarding possible birth trauma. For example, 
an infant who does not move his or her arms symmetri- 
cally could have a broken clavicle or an injury to the 
brachial plexus (Figure 4-5). 

The infant’s skin is an indicator of intravascular vol- 
ume, perfusion status, or both. Both perfusion and under- 
lying skin color affect the appearance of the skin. Capillary 
refill time should be less than 3 seconds. Assess refill by 
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Physical maturity 


Skin 

Sticky 

Friable 

Transparent 

Gelatinous 

red, 

translucent 

Smooth pink, 
visible veins 

Superficial 
peeling 
&/or rash, 
few veins 

Cracking 
pale areas, 
rare veins 

Parchment, 
deep 
cracking, 
no vessels 

Leathery, 

cracked, 

wrinkled 

Lanugo 

None 
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Abundant 

Thinning 

Bald 

areas 

Mostly 

bald 


Plantar 

surface 

Heel-toe 
40-50 mm: -1 
<40 mm: -2 

>50 mm 

no 

crease 

Faint 
red marks 

Anterior 
transverse 
crease only 

Creases 

anterior 

2/3 

Creases 

over 

entire sole 


Breast 

Imperceptible 

Barely 
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Flat areola, 
no bud 

Stippled 

areola, 

1-2 mm bud 

Raised 
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3-4 mm 
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faint rugae 
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upper canal, 
rare rugae 
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descending, 
few rugae 
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down, 
good rugae 
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pendulous, 
deep rugae 


Genitals 

(female) 
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cover 

clitoris 
& minora 



FIGURE 4-3 N ew Ballard score. 
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pressing the sole of the infant’s foot or the palm of its 
hånd with a finger. Perfusion should be good and skin 
color pink. Some infants have blue hånds and feet with 
decreased perfusion, or acrocyanosis, in the immediate 
postnatal period. True cyanosis is associated with blue or 
dusky mucous membranes and circumoral area. 

Observing skin and color often provides diagnostic 
clues. Mottling refers to irregular areas of dusky skin al- 
ternating with areas of pale skin. An extremely pale or 
mottled infant suggests hypotension or anemia. A ruddy, 
reddish blue appearance is often associated with a high 
hematocrit value or polycythemia and neonatal hypervis- 
cosity syndrome (hematocrit > 65%).' The yellow color 
associated with mild to moderate jaundice is common 
among newborns after the first day of life. Jaundice on the 


first day of life, however, is always an indication for imme¬ 
diate evaluation. 18 

An infant exposed to meconium-stained amniotic fluid 
in utero for more than a few hours often presents with 
yellow-green staining of the skin, nails, and umbilical cord. 
Irregular areas of pale blue-black pigmentation over the 
sacrum and buttocks (Mongolian spots; Figure 4-6) are 
commonly seen on black and Asian infants. These spots 
are often confused with bruising (Table 4-3). 

Respiratory Function 

The normal newborn respiratory rate is 40 to 60 
breaths per minute but may vary depending on multiple 
factors. Watch the infant’s respiratory effort closely and 
note irregular respirations. Respiratory rates that exceed 
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TABLE 4-2 


Normal Values for Vital Signs in the Neonatal Patient 


Birth Weight (g) 

Systolic/Diastolic 
Biood Pressure 
(mm Hg)* 

Mean Biood 
Pressure 
(mm Hg) 

>600 

45/20 

25 

>1000 

48/25 

35 

>2000 

50/30 

40 

>3000 

50/35 

45 

>4000 

65/40 

50 

Newborn older than 12 hr 
Respiratory rate (30-60 

75/50 

60 


breaths/min) 

Heart rate (120-170 
beats/min) 


*From Versmold HT et al. Aortic biood pressure ranges during the 
first 12 hours of life in infants with birth weight 610 to 4220 grams, 
Pediatrics 1981;67:607. 



FIGURE 4-5 Left-sided brachial plexus. (From Hockenberry M, 
Wilson D. Wong’s essentials of pediatric nursing, ed 8. St. Louis: 
Mosby, 2013.) 
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FIGURE 4-6 Mongolian spot. (From Price D, Gwin J. Pediat¬ 
ric nursing: an introductory text, ed 11. Philadelphia: Saunders, 
2012 .) 

60 breaths per minute but normalize over the next 
several hours may indicate transient tachypnea of the 
newborn. All newborns display an irregular breathing 
pattern. The neonate normally breathes in the range of 
70 to 80 breaths per minute for 10 to 20 seconds, slows 
to a rate of 20 or 30 breaths per minute for a short time, 
and then breathes at a faster rate again. The average 
respiratory rate over several minutes is 40 to 60 breaths 
per minute. Periodic breathing, a common finding 
among premature infants, is characterized by an irregular 
pattern of intermittent respiratory pauses longer than 
S seconds. 

Apnea is a pathological condition in which breathing 
ceases for longer than 20 seconds. Apnea may be associ- 
ated with cyanosis, bradycardia, pallor, and hypotonia 


(abnormally low muscle tone). Often apnea is associated 
with nonspecific symptoms of diseases seen with many 
neonatal conditions. All episodes of apnea must be inves- 
tigated to establish the cause. 19 

It is important to note signs of respiratory distress 
(Table 4-4). The Silverman scoring system considers mul¬ 
tiple factors to quantify an infant’s distress (Figure 4-7). 
Although not always used as a measure of respiratory 
distress, the Silverman system highlights important re¬ 
spiratory observations during a physical examination. 
Signs of distress include nasal flaring, expiratory grunt- 
ing, tachypnea, and retractions. Nasal flaring occurs 
during inspiration when the muscles of the nasal pas¬ 
sages contract, resulting in flaring of the alae nasi, widen- 
ing of the nostrils, and reduction in airway resistance. 
Grunting is an audible expiratory noise caused by clo- 
sure of the glottis during expiration in an attempt to 
provide increased positive end-expiratory pressure and to 
maintain lung volume. Retractions of the chest wall dur¬ 
ing inspiration may occur in the suprasternal, substernal, 
subcostal, and intercostal regions. Retractions usually 
indicate reduced lung compliance but are also associated 
with obstructive airway processes with normal lung com¬ 
pliance. Chest wall retractions are more prominent and 
easily observed in the neonate than in an older child or 
adult. The newborn musculature is relatively thin and 
weak, and the thoracic cage is very compliant. The flexi- 
ble chest wall and thoracic cage of the newborn exhibit 
noticeable retractions as lung compliance worsens. Ab- 
dominal and thoracic respiratory muscles normally move 
in parallel. Paradoxical respirations represent thoracic 
and abdominal respiratory efforts that are not synchro- 
nous. This “see-saw” effect often indicates severe respira¬ 
tory distress. 


TABLE 4-3 


Common Dermal Findings in the Neonatal Patient 


Finding 

Description 

Jaundice 

Yellowish skin 

True cyanosis 

Centrally blue or dusky skin 

Acrocyanosis 

Bluish hånds and feet 

Petechiae 

Pinpoint hemorrhagic areas 

Telangiectatic nevi 

“Stork bites”: red, flat areas 

Subcutaneous fat necrosis 

Discrete firm masses in subcutaneous tissue 

Lanugo 

Fine hair 

Sclerema 

Hardening of skin 

Ruddy complexion 

Deep reddish skin 

Ecchymoses 

Bruising of various sizes 

Mongolian spots 

Irregular areas of pale blue over sacrum and 
buttocks 

Strawberry hemangiomas 

Bright red, flat spots 1-3 mm in diameter 

Milia 

White papules <1 mm on forehead, chin, 
and nose 

Erythema toxicum 

Whitish pink papular rash 

Pallor 

Pale or white skin 

Vernix caseosa 

Whitish gray, cheeselike substance 

Mottled skin 

Uneven color, blotchy 


Condition 

Hyperbilirubinemia 

Hypoxia 

Cold stress, i circulation; normal for first few hours 
Birth trauma, thrombocytopenia 
Capillary dilation, benign 
Trauma 

More noticeable in preterm infants, benign 
Septicemia, shock, cold stress 
Polycythemia or high hematocrit value 
Birth trauma, disseminated intravascular coagulation 
Benign, common in black and Asian infants 

Benign, usually resolve spontaneously 
Distended sebaceous giands that disappear later 

Cause unknown 
Biood loss or hypovolemia 
More abundant on preterm infants 
Decreased perfusion 






TABLE 4-4 


Signs of Respiratory Distress in the Neonatal Patient 

Apnea Tachypnea Refractions 

Grunting 

Nasal 

Flaring 

Stridor 

Cyanosis 

Breath 

Sounds 

Other Findings 

Respiratory distress 


++ 

++ 

+ + 

+ + 


+ 

Decreased, 

Premature infants, infants of 

syndrome 








rales 

diabetic mothers 

Pneumothorax 


++ 

+ 

+ 

+ 


+ 

Decreased, 

Asymmetry of the chest, PMI shifted 









asymmetrical 


Pneumonia 

+ 

++ 

++ 

+ + 

+ + 


+ 

Rales and 










rhonchi 


Upper airway obstruction 

+ 



+ + 


+ + 



Gasping or labored breathing 

Diaphragmatic hernia 


++ 


+ 

+ + 


+ + 

Bowel sounds 

Scaphoid abdomen, often 









in chest 

associated with pneumothorax 

Meconium aspiration 

+ 

++ 

++ 

+ 

+ 


+ 

Decreased 

Hyperexpansion of chest, atelectasis, 










pneumothorax 

Transient tachypnea 


++ 

+ 

+ 

+ 



Fine rales 

Resolves in <24 hr 

Apnea of prematurity 

+++ 


-r- 




+ 

Normal 

Bradycardia 

PMI, Point of maximal cardiac 

impulse. 
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FIGURE 4-7 Silverman score. 


Auscultation of the newborn can sometimes prove diffi- 
cult. The newborn chest is small, and sounds easily transmit 
from one lung region to another. Abdominal sounds may 
even transmit to the lungs, although bowel sounds heard 
from the chest in place of absent breath sounds may 
indicate a diaphragmatic hernia (see Chapter 23 Surgical 
Disorders in Childhood That Affect Respiratory Care). 
Localizing auscultation tindings in a preterm infant is often 
difficult or impossible with single-head stethoscopes. Aus¬ 
cultation with a double-head stethoscope has proved useful 
in some situations. 20 Comparison of the breath sounds 
from the right and left sides helps distinguish asymmetries. 
Asymmetrical sounds may indicate unilateral disease such 
as pneumothorax or a malpositioned endotracheal tube. 
Diminished breath sounds, wheezes, and stridor can occur 
in neonates. See Auscultation later in this chapter for a 
detailed discussion of pediatric breath sounds. 

Chest and Cardiovascular System 

The circumference of a newborn’s chest is equivalent to the 
head circumference. Inspection of the chest may reveal mal- 
formations such as pectus carinatum (protruding xiphister- 
num or xiphoid process, also called pigeon chest) or pectus 
excavatum (funnel chest). Bulging or asymmetry of the chest 
wall usually indicates important pathological conditions. 

The point of maximal cardiac impulse (PMI) is the posi¬ 
tion on the chest wall at which the cardiac impulse can be 
maximally seen. The PMI is usually seen in newborns 
because of the relatively thin and flexible chest wall. Typi- 
cally, the PMI is relatively close to the sternal border be¬ 
cause of the predominance of the right ventricle in the fetal 
period. A mediastinal shift caused by a pneumothorax will 
move the PMI away from the affected side of the chest. 

With suspected pneumothorax, perform transillumi¬ 
nation of the chest wall, using a high-energy flashlight or 
fiberoptic device in a darkened room. Place the light source 
on the chest wall of the suspected side. A large pneumo¬ 
thorax will reveal an excessively pink and illuminated, usu¬ 
ally irregular area of light, or “glowing” area, through the 
chest wall when compared with the contralateral side. 


Heart rate variations from 120 to 170 beats per min- 
ute may be normal depending on gestational age, as 
discussed earlier. The rapid rate and rhythm of heart 
sounds make them difficult to determine. Neonates have 
a high incidence of arrhythmias in the first few days 
of life. From 1% to 5% of all newborns exhibit some 
disturbance in heart rate or rhythm. ” Many demon- 
strate “dropped beats,” which on evaluation are prema- 
ture atrial contractions. These episodes are usually 
benign, but any newborn with an irregular rhythm 
should have an electrocardiogram performed to assess 
the arrhythmia. 

Cardiac murmurs are described as a soft to loud, harsh 
sound similar to a forcible exhalation with the mouth 
open. Many heart murmurs are transient and not associ- 
ated with anomalies. 

The heart size, shape, and thoracic positioning on chest 
X-ray film are often helpful in assessing infants with con- 
genital heart disease. 

Palpating the pulses of the quiet infant often provides 
important diagnostic information. Weak pulses suggest 
low cardiac output States such as shock and hypoplastic 
left-sided heart syndrome. Bounding pulses are seen in 
infants with patent ductus arteriosus and left-to-right 
shunt. The bounding characteristic of the pulse results 
from rapid runoff of the biood into the low-resistance 
pulmonary circulation. This lowers the systolic biood pres¬ 
sure and produces a wider pulse pressure. Brachial and 
femoral pulses should be equal in intensity and felt simul- 
taneously. A delayed or weak femoral pulse can indicate 
coarctation of the aorta. 

The range of normal biood pressures at various weights 
has been well established (see Table 4-2). In the absence of 
data, calculate an adequate mean biood pressure (MBP) as 
folio ws: 

Adequate MBP = Gestational age (weeks) + 5 

For example, an infant of 24 weeks of gestation should 
have an MBP of approximately 29 mm Hg, and a term 
newborn, 40 weeks of gestation, should have an MBP of 
approximately 45 mm Hg. 









CHAPTER 4 • Examination and Assessment of the Neonatal and Pediatric Patient 


49 


A pulse oximeter can provide valuable information in 
the evaluation of the cardiovascular system. Because the 
sensor of the pulse oximeter is applied to a distal extrem- 
ity, the oximeter will display a low pulse rate and perfusion 
signal as peripheral pulses and perfusion decrease. The 
cause of this poor perfusion must be determined. How- 
ever, if the oximeter suggests decreased perfusion while 
central biood pressure remains normal, the cause may be 
volume depletion with compensatory peripheral vasocon- 
striction. In addition, placing pulse oximeters on preduc- 
tal and postductal sites allows for assessing right-to-left 
ductal level shunting, as seen with persistent pulmonary 
hypertension of the newborn. In this case the right arm, or 
preductal site, will have a higher saturation, while the post¬ 
ductal site, or left arm and lower extremities, will have a 
lower saturation because of venous admixture occurring 
postductally. 

Abdomen 

Successful abdominal examination requires a calm and 
quiet infant. Observe the contour of the abdomen and 
determine whether it is scaphoid (sunken anterior wall), 
flat, or distended. Distention is a significant finding char- 
acterized by tightly drawn skin through which engorged 
subcutaneous vessels can easily be seen. More noticeable 
abnormalities of the abdomen include prune-belly syn- 
drome, which is a congenital lack of abdominal muscula- 
ture; omphalocele, a protrusion of the membranous sac 
that encloses abdominal contents through an opening in 
the abdominal wall into the umbilical cord; and gastros- 
chisis, a defect in the abdominal wall lateral to the midline 
with protrusion of the intestines (Figure 4-8). 22 

When examining the abdomen, auscultate and palpate 
over all four quadrants. Bowel sounds are usually heard 
over the entire abdomen, generally described as a “tin¬ 
kling” or “rumbling.” Because bowel sounds are not 
continuous, it may take several seconds to hear them. 


Decreases or increases in the amount or changes in the 
characteristics of bowel sounds may indicate a pathologi- 
cal abdominal condition. 

The umbilical cord is yellowish white with three biood 
vessels. The two small and thick-walled arteries and one 
large and thin-walled vein are easily visible at the end 
of a freshly cut cord. Wharton’s jelly surrounds the vessels. 
A single umbilical artery suggests congenital anomalies, 
especially those of the urinary tract. The presence of meco- 
nium in the amniotic fluid causes a greenish yellow 
staining of the umbilical cord. The umbilical cord of an 
infant who is large for gestational age and born to a dia- 
betic mother is often large and fat. Conversely, infants 
with intrauterine growth retardation often have thin cords 
with little Wharton’s jelly. With an umbilical hernia the 
intestinal muscles do not close around the umbilicus, and 
the intestines protrude into this weakened tissue. Such a 
defect may require surgery or may resolve without inter¬ 
vention as the muscles become stronger. 

Head and Neck 

The head is usually the presenting part and often shows 
evidence of bruising and molding as a result of pressures 
exerted during the birth process. Molding of the skuil with 
overlapping cranial bones is common. In term infants the 
molding should resolve within a few days. The fontanels 
are the nonossified areas between the cranial bones that 
make up the skulk The fontanels and suture lines should 
be soft and should not bulge. Craniotabes are soft skuli 
areas that can be compressed like a ping-pong ball and 
may be a normal finding, especially in premature infants. 

Any evidence of edema under the scalp should be exam- 
ined carefully, especially in infants having vacuum or 
forceps-assisted delivery. Rarely edema is attributed to a 
subgaleal hemorrhage, tearing of the emissary veins, 
where edema from biood loss can extend from the eyes to 
the nape of the neck. Biood loss may occur fairly rapidly 



FIGURE 4-8 A, Gastroschisis. B, Omphalocele. (From Price D, Gwin J. Pediatric nursing: an introductory 
text, ed 11, Ph i ladel ph ia: Saunders, 2012.) 
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after delivery and be sufficient to cause hypovolemic 
shock. 23,24 

More than 150,000 children are born with notable birth 
defects and syndromes in the United States each year. 25 
Congenital anomalies are the leading cause of infant mor- 
tality in the postneonatal period. Unusual facies may sug¬ 
gest a number of distinet dysmorphic genetic syndromes. 
Smith’s Recognizable Patterns of Human Malformation is an 
invaluable resource in the evaluation of infants with an 
unusual facies. 26 It also provides standard measurements 
for the newborn. Facial paralysis or an asymmetrical facies 
is often noticed in the otherwise normal-appearing infant. 
Facial paralysis may be readily apparent only when the 
infant cries. 

The eyes are often swollen and edematous from the 
birth process. After resolution of the swelling, assess the 
eyes for excessive spacing and any unusual slant. Apply 
antibiotic ointment or silver nitrate to the eyes after deliv¬ 
ery to prevent infeetion. In infants older than 28 weeks of 
gestation, the pupils should be round and regular and 
should react to light. Examine the ears for placement and 
deformation. Deformed, posteriorly rotated, or low-set 
ears are associated with various genetic anomalies. Con- 
sider ears low set when the upper insertion of the ear is 
below the level of a line drawn through the corner of the 
orbits of the eyes. 

Newborns breathe preferentially through the nose; 
therefore alternately occlude each side and listen to breath 
sounds to assess the patency of each nostril. If the infant 
appears to be breathing comfortably, many nurseries no 
longer attempt to pass catheters because nasal trauma, 
obstruction, and edema are serious risks. An oral airway or 
endotracheal tube is often required if bilateral choanal 
atresia, the incomplete opening into the nasopharynx as a 
result of membranous or bony structures, is present. Ab- 
normalities of the mouth, lips, and oral cavity are seen in 
many infants. Microstomia, small mouth, is commonly 
seen in infants with the chromosomal defeet trisomy 18, 
whereas midfacial clefts, cleft lip and palate, are commonly 
seen with trisomy 13. Pierre Robin syndrome is character- 
ized by a cleft palate, posteriorly displaced tongue, and 
micrognathia, a small lower jaw. 2 

Examination of the oral cavity and pharynx for less ob- 
vious palatal clefts, mueous cysts, Epstein’s pearls, or natal 
teeth can be performed with a flashlight or laryngoscope 
blade light. Examine the neck for obvious shortening, ver- 
tebral anomalies, or limitations in movement. A variety of 
cysts, hygromas (sacs of fluid resulting from a blockage in 
the lymphatic system), sinuses, and masses may be present 
laterally or at the midline. Large neck lesions may apply 
pressure to the trachea and impair breathing. 

The clavicles are often broken during the delivery of 
large infants with shoulder dystocia (difficult delivery as a 
result of the faet that the anterior shoulder of the infant 
cannot pass below the mother’s hip bone) or in breech 
deliveries. Commonly the injury is noted when the infant 


refuses to move the affeeted shoulder. The break is usually 
easily palpable as an area of crepitus overlying the bone. 
Therapy is usually not necessary for fractured clavicles in 
the newborn because they heal without intervention. 

Musculoskeletal System, Spine, 
and Extremities 

The intrauterine environment often affeets the extremities 
and musculoskeletal system. Many limb and other defor¬ 
mations in the fetus result from intrinsic (fetal) or extrin- 
sic (uterine) factors. 

Extra digits may be familial or may be associated with a 
number of syndromes. They can be present on hånds or 
feet or both. The digits can vary from fully formed and 
articulated to simple skin tags. 

Joint contractures or abnormal positioning of one or 
more limbs may result from a fetal problem or intrauterine 
compression. Clubfoot, talipes equinovarus, is a typical 
example. 28,29 An isolated joint-extremity malformation 
suggests extrinsic factors, whereas multiple deformations 
are more often seen with primary fetal neurological or 
muscular diseases. 

The symmetry and bony structure of the spine are easily 
examined in the newborn. Suspend the infant in a prone 
position with one hånd, then visually and digitally evalu- 
ate the structures. Many infants have a small indentation 
(sacral dimple) near the end of the spine. If the bottom of 
the dimple is easily seen without associated bony defects, 
no further evaluation is required. However, if the defeet 
cannot be fully visualized or if there are bony defects, as¬ 
sociated tufts of hair, or drainage of clear fluid, further 
evaluation is required. A few infants have the congenital 
malformations collectively called spina bifida (Figure 4-9). 
These defects result from failure of the embryonic neural 
tube to form correctly in the third to fifth week of gesta¬ 
tion. The defects usually involve bone, skin, the covering of 
the central nervous system (meninges), and nerve tissue. 
Defects that occur over the spine are called myelomenin- 
goceles (Figure 4-10), and those involving the brain are 
called encephaloceles. 

It is important to evaluate the hips of all infants even 
if there is no evidence of asymmetry or other bone, joint, 



FIGURE 4-9 Infant with spina bifada. 
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FIGURE 4-10 A, Myelomeningocele with intact sac. B, Myelomeningocele with ruptured sac. 
(From Hockenberry M, Wilson D. Wong’s essentials of pediatric nurs'mg, ed 8. St. Louis: Mosby, 2013.) 


or muscular problems. Stabilize the pelvis on a flat surface 
while the joint is flexed and abducted to the surface. A 
telescoping feeling or the presence of a “clunk” suggests 
congenital laxity or dislocation of the hip. 2 ' 1 Often, several 
days must pass before the hips of infants born in the 
breech position can be appropriately evaluated. 

Cry 

After the examiner has obtained some newborn experi- 
ence, it is impressive how much information something as 
simple as a baby’s cry can provide. A loud and vigorous cry 
is usually a sign of a healthy infant. A moaning, weak, or 
faint cry suggests illness. Often, an infant with respiratory 
distress syndrome strains with a grunting cry. An infant 
with a piercing, high-pitched cry often has a neurological 
injury, drug withdrawal, or increased intracranial pressure. 
Hoarse crying can be associated with laryngeal edema, as 
in recently extubated infants. However, a hoarse cry may 
also be heard with congenital hypothyroidism, cretinism, 
or hypocalcemia with laryngospasm. Perhaps the most 
distinctive cry is associated with a deletion of the short 
arm of the fifth chromosome. The catlike cry of these in¬ 
fants gives the syndrome the name cri du chat, French for 
“cry of the cat.” 

NEUROLOGICAL ASSESSMENT 

The general neurological State of the infant is assessed 
during much of the physical examination. Note whether 
the infant responds appropriately to his or her surround- 
ings or is lethargic or overly irritable. It is also important 
to determine whether the infant moves all extremities and 


whether the movements are symmetrical and smooth or 
jittery and jerky. Infants with evidence of difficult delivery 
may manifest signs of extremity weakness associated with 
trauma to the brachial plexus. 

Pick up the neonate under the arms to assess muscle 
tone in the term infant. A normal infant will suspend well. 
An infant with decreased tone will noodle through the 
hånds. Infants with normal tone will maintain their ex¬ 
tremities in a flexed position at rest. 

A number of reflexes are present in the newborn. Every- 
one has observed the grasp reflex, in which the newborn 
infant grasps a finger placed in the palm of the hånd. A 
similar downward curving of the toes occurs if a finger is 
pressed against the sole of the foot; this is referred to as the 
plantar grasp reflex. The startle reaction to sound or touch 
is similar to the Moro reflex (Figure 4-11), which occurs 
when the head is allowed to fali back slightly. The normal 
term infant’s extremities will extend rapidly with open 
hånds. The neonate will then slowly flex them back toward 
the body. Infants will respond to a bright light by shutting 
their eyelids tight. They will often turn toward unique 
sounds or sights and may focus on objects, especially faces. 
Suspending the infant and touching the top of the foot 
against a surface can demonstrate the stepping reflex: 
The infant should lift the leg and then place it flat on the 
surface. 30 

PEDIATRIC PATIENT HISTORY 

Unlike neonatal patients, children present with previous 
history, and despite numerous advances in laboratory 
testing, the ability to obtain a pediatric history remains 
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FIGURE 4-11 Moro reflex. (From Price D, Gwin J. Pediatric nursing: 
an introductory text, ed 11. Philadelphia.: Saunders, 2012.) 


essential to the practice of pediatric respiratory care. In 
most encounters of children with respiratory conditions, 
the history provides the necessary information to formu- 
late a differential diagnosis and suggest additional evalua- 
tion and management. Thus the respiratory therapist 
(RT) should spend considerable effort enhancing history- 
taking skilis. 

The history for a new patient can be divided into the 
following categories: 

Chief complaint or primary concern 
History of the present illness (HPI) 

Medical history (MH) 

Review of symptoms (ROS) 

Family history 

Social and environmental histories 

Chief Complaint 

The chief complaint consists of the reason the child pre¬ 
sents for health care. The chief complaint may simply be a 
symptom or sign observed by the child or caregivers and in 
need of further evaluation, as in the case of a new patient 
who presents for the evaluation of cough or chest pain. 
The chief complaint may also be a specific established 
diagnosis, as in the case of a child admitted to the hospital 
for treatment of acute asthma or a pulmonary exacerba- 
tion of cystic fibrosis (CF). For a new patient, the initial 
step is to establish the chief complaint or primary concern. 
Additional information in the form of a medical history is 
then sought to further elucidate and clarify historical find- 
ings that point to either a specific diagnosis or set of diag¬ 
noses (differential diagnosis) that then leads to further 
evaluation (e.g., physical examination, laboratory testing). 

New Patient History 

For a new patient, the medical history consists of specific 
components including the HPI, MH, ROS, family history, 
and social and environmental histories (Box 4-2). Impor- 
tant components of the HPI include duration, intensity or 
severity, and improvement or deterioration of symptoms. 


Knowledge of the following may help point to a specific 
disease or narrow the differential diagnosis: 

• Triggers of symptoms 

■ Aggravating or alleviating factors 

• Medications that have previously or are currently being 

used and whether or not these medications have been 

helpful 

Chronicity 

Recurrence or seasonality of symptoms 

Review of current medications, including nonprescrip- 
tion and alternative medications, dosing, and when and 
how taken, as well as what the medications are taken for, 
may provide useful information. 

Where the child lives, adult visitors from areas of 
endemic tuberculosis, and recent travel history may also 
suggest unsuspected exposures or diseases. 

Follow-up or Established Patient 
History 

For a follow-up or established patient, the medical history 
is not usually focused on developing differential diagnoses 
or establishing a specific diagnosis but rather on determin- 
ing current lung health and whether there have been any 
changes since the last visit. In this situation, the medical 
history consists of an interim history and review of key 
components of the MH, ROS, and social and environmen¬ 
tal histories (Box 4-3). Questions are directed to determin- 
ing whether there were any interim respiratory infections or 
exposures and whether these triggered exacerbation of the 
primary disease.’ 1 Exposure to environmental tobacco 
smoke should be asked about specifically. 32 If an exacerba¬ 
tion of the primary disease occurs, did this exacerbation 
lead to a clinic visit, emergency room visit, or hospitaliza- 
tion or were the caregivers able to manage the exacerbation 
at home? Information concerning the presence or absence 
of allergic, nasal, respiratory, or gastrointestinal symptoms 
is sought. If symptoms are present, are they better or worse 
than at the previous visit? Are new symptoms present and 
are these related to the primary disease? Quality-of-life 
issues should be explored. Missing school, inability to 
participate in normal daily and physical activities, or the 
caregiver(s) missing work because of an increase in the 
child’s respiratory symptoms suggests that disease manage¬ 
ment is less than optimal. Review of current medications, 
including nonprescription and alternative medications; 
dosing; when and how taken; what the medications are 
taken for; and whether or not there have been changes in 
medications, dosing, or both since the previous visit also 
yields important information. Adherence with and under- 
standing of the treatment plan should be explored. Changes 
in school and family situations; exposure to environmental 
tobacco smoke, allergens, and airway irritants; and recent 
travel or exposure to sick adults may also yield dues to 
changes in status of the primary disease. If an explanation 
of worsening or less than optimal control of the primary 
disease is not forthcoming, then the RT should take a more 
detailed history similar to the initial medical history. 
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Box 4-2 


New Patient History 


CHIEF COMPLAINT OR PRIMARY REASON FOR VISIT 

• History of present illness 

• Duration 

• Intensity or severity 

• Improvement or deterioration 

• Triggers 

• Aggravating or alleviating factors 

• Medications (past and current) 

• Chronicity 

• Seasonality 

MEDICAL HISTORY 

• Perinatal history 

• Acute care and emergency room visits 

• Hospitalizations and surgeries 

• Immunizations 

• Previous evaluations 

REVIEW OF SYMPTOMS 

• Family history 

• Social and environmental histories 

Important components of the medical history that may 
contribute to establishing a diagnosis include the following: 

• History of prematurity 

• Birth weight 

• Need for and duration of oxygen therapy, assisted ventila¬ 
tion, or both in the neonatal period 

• Previous emergency room visits, hospitalizations, or both 
for respiratory disturbances (including intensive care unit 
admissions and any need for assisted ventilation) 

• Previous surgeries 

• Immunization history 

Results of previous evaluations may also provide important 
diagnostic dues. 

The ROS attempts to identify symptoms that were not identi- 
fied in the HPI and that may be related or contribute to the child’s 
underlying respiratory condition. A systematic review of symptoms 
in the following categories may suggest contributions of atopic 
diseases, gastroesophageal reflux, and immunodeficiency, as well 
as thoracic cage, neurological, and neuromuscular disorders, to 
the presenting pulmonary complaint: 

• Allergic 

• Dermatological 


Developmental 
Gastrointestinal 
Immunological 
Otolaryngological 
Musculoskeletal 
Neurological 
Neuromuscular 
The family history may also provide valuable information. 
Important conditions in the biological parents, siblings, and 
other close relatives to ask about include the following: 

• Presence or absence of asthma 

• Chronic or seasonal bronchitis 

• Atopic diseases 

• Recurrent pneumonia 

• CF 

• Immunodeficiency 

• Infertile males (may suggest CF) 

• Tuberculosis 

• Hemoptysis 

• Early childhood serious illnesses or deaths 

• Congenital heart disease 

• Dextrocardia (heart situated on the right side of the body) 

• o^-Antiprotease deficiency 

Important components of the social and environmental 
histories include the following: 

Who the child lives with 

Who assists the child with medications and therapies 
Level of adherence to medications and therapies 
Occupations of the caregivers 
Housing conditions 

Environmental tobacco smoke exposure 
Personal smoking 
Presence of visible mold 
Pets in the home 
Other significant exposures 
Use of day care 

School grades and performance 

Participation in and any difficulties with extracurricular 
activities 


Follow-up or Established Patient 
History 

CHIEF COMPLAINT OR PREVIOUS DIAGNOSIS OR 

PROBLEM 

Interim History 

• Respiratory infections 

• Exacerbations of primary disease 

• Triggers and/or exposures 

• Quality of life 

• Medications 

Review of Key Components 

• Medical history 

• Review of symptoms 

• Social and environmental histories 


PULMONARY EXAMINATION 

The RT should also be proficient at performing a pediat¬ 
ric pulmonary examination. The setting in which an ex¬ 
amination occurs determines the pace of the examination 
as well as the information gained. A child with respiratory 
distress may require rapid physical assessment and imme- 
diate institution of therapy. A crying child is almost im- 
possible to examine. Efforts should be made to perform 
an examination in a calm, expeditious, and professional 
manner as well as in such a manner as not to upset the 
child. Examination of the small child in the caregiver’s lap 
may be particularly helpful in allaying the child’s fears 
and keeping the child calm. In general, the pulmonary 
examination includes inspection, palpation, percussion, 


Box 4-3 
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1 Pulmonary Examination 


Inspection 

• Trachea 


Vital signs 

• Chest 


Heart rate 

• Fremitus 


Respiratory rate 

• Motion with deep breathing 


Temperature 

• Percussion 


Biood pressure 

• Hyperresonance 


Oxygen saturation 

• Dullness 


Respiratory distress 

• Auscultation 


Tachypnea 

• Grunting 


Breathlessness 

• Stridor 


Head bobbing 

• Stertor 


Grunting 

• Breath sounds 


Nasal flaring 

• Symmetr y 


Retractions 

• Intensity 


Chest wall 

• Location: lobes and segments 


Shape 

• Phases: inspiration, expiration, or both 


Muscle mass and strength 

• Adventitious sounds 


Adipose tissue 

• Crackles: fine or coarse 


Palpation 

• Wheezes: low or high pitched 


Neck 

Masses or adenopathy 

• Monophonic or polyphonic 


and auscultation (Box 4-4) and begins at the initiation of 
contact with the child. All components of the pulmonary 
examination yield valuable information, and the impulse 
to primarily or only use one’s stethoscope should be 
avoided. Establishing a specific examination routine is 
helpful in assisting in completion of all the evaluation 
components and in increasing one’s comfort and exper- 
tise in physical assessment of the child with respiratory 
disease. 

Inspection 

Inspection begins at the bedside with review of the child’s 
vital signs and first contact with the child and caregiver. 
Vital signs of importance to the RT include heart rate, 
respiratory rate, temperature, biood pressure, and, if avail- 
able, pulse oximetry. Initial inspection is directed to deter- 
mining whether the child is in respiratory distress. A child 


in respiratory distress may display both nonpulmonary 
and pulmonary signs. Nonpulmonary signs of respiratory 
distress include anxiety, fussiness, irritability, depressed 
level of consciousness or responsiveness, and tachycardia. 
Pulmonary signs include tachypnea, breathlessness, head 
bobbing, grunting, nasal flaring, retractions, oxygen satu- 
ration less than 90%, and cyanosis. A child in severe respi¬ 
ratory distress requires rapid assessment and immediate 
institution of appropriate therapy. Inspection of the chest 
wall is done to evaluate for chronic obstructive lung, neu- 
romuscular, and musculoskeletal diseases. Inspection for 
respiratory distress and of the chest wall is best done with 
the child’s upper torso unclothed. 

The respiratory rate can be a sensitive indicator of the 
severity of underlying lung disease. 31 " 33 Normal respiratory 
rates vary on the basis of age and activity level (Table 4-5). 
In general, the respiratory rate is best determined when the 


TABLE 4-5 


Normal Respiratory Rates in Sleeping and Awake Pediatric Patients 

Sleeping Awake 

Breaths per Minute Breaths per Minute 


Age 

Number Studied 

Mean 

Range 

Number Studied 

Mean 

Range 

6-12 mo 

6 

27 

22-31 

3 

64 

58-75 

1-2 yr 

6 

19 

17-23 

4 

35 

30-40 

2-4 yr 

16 

19 

16-25 

15 

31 

23-42 

4-6 yr 

23 

18 

14-23 

22 

26 

19-36 

6-8 yr 

27 

17 

13-23 

28 

23 

15-30 

8-10 yr 

19 

18 

14-23 

19 

21 

15-31 

10-12 yr 

11 

16 

13-19 

17 

21 

15-28 

12-14 yr 

6 

16 

15-18 

7 

22 

18-26 


From Iliff A, Lee VA. Pulse rate, respiratory rate, and body temperature of children between two months and eighteen years of age, Child Dev 1952;23:237. 
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FIGURE 4-12 Head bobbing. 


child is asleep or resting quietly. 34,33 In the ill-appearing 
child, the presence of fever may be a confounding factor 
that results in tachypnea proportional to the degree of fe¬ 
ver and the appearance of respiratory distress. In the child 
with no underlying lung disease, relief of fever should re¬ 
sult in resolution of tachypnea and apparent respiratory 
distress. 

Head bobbing, nasal flaring, and grunting are common 
signs of respiratory distress in infants and young children 
and are compensatory mechanisms to decrease the work of 
breathing. Head bobbing occurs when the sternocleido- 
mastoids (neck muscles that serve to flex and rotate the 
head), in an attempt to overcome decreased lung compli- 
ance, increased airway resistance, or both, contract during 
inspiration, pulling the head down and the clavicles and 
rib cage up (Figure 4-12). This results in the head bobbing 
forward in synchrony with each inspiration. Nasal flaring 
and grunting can be present in the pediatric patient as 
well. The presence of one or more of these signs typically 
indicates significant airway obstruction or lung disease. 

Suprasternal, intercostal, and subcostal/substernal re- 
tractions and asynchronous chest and abdominal wall 
motion are common signs of respiratory distress in both 


younger and older children and may be due to significant 
airway obstruction, lung disease, or both. Retractions re¬ 
sult from the pulling in of the skin between and below the 
ribs, above the sternum in the suprasternal notch, or both, 
because of significant airway obstruction and lung disease 
(Figures 4-13, 4-14, and 4-15). Suprasternal retractions are 
also referred to as “tracheal tugging.” In most circum- 
stances, a direct correlation exists between the degree of 
retractions and the severity of respiratory distress. Infants, 
young children, and children with muscle weakness may 
develop paradoxical inward motion of the chest wall and 
concomitant outward movement of the abdominal wall 
(i.e., asynchrony of chest and abdominal wall, or “see-saw- 
ing” motion) with increasing degrees of respiratory dis¬ 
tress. As discussed earlier, in neonates, infants, and young 
children this see-sawing motion occurs because of their 
compliant rib cage, whereas in older children with muscle 
disease it occurs because of weakness of the abdominal 
wall musculature. 

Inspection of the chest wall may reveal increased an- 
teroposterior diameter, abnormal shape, muscular weak¬ 
ness, or obesity. Chest wall inspection should include ante- 
rior, posterior, and lateral examination. Chronic obstructive 
lung diseases such as severe asthma, advanced CF, and 
severe bronchopulmonary dysplasia may be associated 
with increased anteroposterior diameter of the chest as 
a result of increased air trapping. The chest wall may be 
abnormally shaped, such as in pectus carinatum (“pigeon 
breast”), pectus excavatum (“sunken chest”), kyphosis 
(“hunchback” appearance), and scoliosis (abnormal “side- 
ways” spinal curvature). The chest wall may also be bell 
shaped or have obvious rib abnormalities. Muscular weak¬ 
ness may result in decreased chest wall muscle mass; poor 
head control; or obvious weakness of the trunk, extremi- 
ties, or both. Obesity may cause excessive deposition of 
adipose tissue around the neck, chest, and abdomen. Ab¬ 
normal chest wall shape, muscular weakness, and obesity 
can result in significant restrictive lung dysfunction. 




Intercostal muscles with 
abnormal negative pleural pressure 
during inhalation 

FIGURE 4-13 Intercostal retractions. Soft tissue between the ribs is pulled inward (retracted) because 
of the extremely high negative pleural pressure. 


Intercostal muscles with 
normal negative pleural pressure 
during inhalation 


Pulling in of skin 
between the ribs 


Ribs appear to 
be protruding 
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FIGURE 4-14 Suprasternal retractions. Soft tissue in the supra- 
sternal space is retracted because of high negative pressure, most 
often caused by the patient’s attempt to breathe against an airway 
obstruction. 


FIGURE 4-16 Tech nique for determining tracheal position in 
the older child. 




FIGURE 4-15 Subcostal/substernal retractions. Airway ob¬ 
struction results in a pulling inward of the lowercostal margins. 
The abdomen is protruding (7), and there is a sunken subster- 
nal notch (2). See-saw movement of the chest and stomach is 
also present. 

Palpation 

Palpation of the chest wall and neck may be helpful in the 
physical examination of a child with respiratory disease. In 
infants and young children, palpation of the chest during 
quiet breathing may elicit rhonchal or bronchial fremi¬ 
tus, which are vibrations of the chest resulting from move¬ 
ment of air through airways partially obstructed by mu- 
cus. In an older child, palpation of the chest during 
normal speech may elicit tactile fremitus, vibrations of 
the chest produced by the spoken voice. Tactile fremitus 
may be increased over areas of the chest wall correspond- 
ing to underlying pulmonary consolidation. In an older 


child, assessment of chest wall excursion can be accom- 
plished by placement of the examiner’s hånds on both 
sides of the thoracic spine, with thumbs toward the spine, 
and observing the motion of the hånds and patient’s ribs 
during deep inspiration. Palpation of the anterior neck 
may be helpful in determining whether the trachea is in 
the midline (Figure 4-16) and whether there are masses or 
adenopathy compressing the trachea. 

Percussion 

Percussion of the chest wall may be helpful in the physical 
examination of an older child but is typically unrewarding 
in the examination of an infant or younger child. Chest 
percussion is performed by tapping the finger of one hånd 
with a finger of the other hånd over corresponding areas 
of the patient’s chest, usually while the patient is sitting 
upright. A relatively high-pitched percussion note, or 
hyperresonance, suggests focal or generalized air trapping 
or pneumothorax. A relatively duli percussion note indi- 
cates atelectasis, consolidation, or pleural effusion. In the 
case of pleural effusion, changes in the level of the duli 
percussion note over time can be used to assess worsening 
or improvement. 

Auscultation 

Auscultation involves listening to the sounds of the heart, 
lungs, and gastrointestinal tract, sometimes with the ears 
alone but more generally with a stethoscope. Breathing 
is normally quiet, so that noises heard without the 
stethoscope or audible noises during “quiet” breathing 
are always abnormal. Grunting was previously discussed 
Other audible noises include stridor, stertor, and occasion- 
ally wheezing. Abnormal chest noises, or adventitious 
sounds, heard with the stethoscope include crackles and 
wheezes. 38 ' 40 Stridor and wheezes are sometimes further 
described as monophonic sounds. Wheezes may also be 
described as polyphonic sounds. Monophonic sounds are 
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usually associated with upper and central airway disorders 
and sound similarly throughout the chest. Polyphonic 
sounds are usually associated with small airway disorders 
and sound different in different parts of the chest. Auscul- 
tation with the stethoscope should be done while the child 
is calm and quiet. Intensity and symmetry of breath sounds 
as well as duration of inspiration and expiration should 
be noted. Prolonged inspiration suggests extrathoracic 
(larynx and upper trachea) airway obstruction, whereas 
prolonged expiration suggests intrathoracic (lower tra¬ 
chea, mainstem bronchi, and smaller bronchi) airway 
obstruction. 

Stridor is a high-pitched, monophonic, audible noise 
that may occur during inspiration or expiration or may be 
biphasic. 40,41 Inspiratory stridor suggests extrathoracic 
airway obstruction, such as occurs in laryngomalacia, sub- 
glottic stenosis, and croup. Expiratory stridor suggests 
intrathoracic central airway obstruction, such as occurs in 
mass or vascular compression of the trachea, tracheomala- 
cia, and bronchomalacia. Biphasic stridor typically indi- 
cates a more severe degree of laryngeal or central airway 
obstruction and may be associated with signs of respira- 
tory distress. To distinguish stridor from wheezing, place 
the head of the stethoscope over the neck area. If the 
sound is louder over the neck than over the chest, then it 
is most likely the result of stridor rather than wheezing. 
Stertor is a low-pitched, wet sound similar to snoring and 
suggests nasopharyngeal, oropharyngeal, and/or hypo- 
pharyngeal airway obstruction, such as occurs in adeno- 
tonsillar hypertrophy. 42,43 Audible wheezing may occur in 
asthma or in intrathoracic central airway obstruction, 
typically indicates a more severe degree of obstruction, and 
may be associated with signs of respiratory distress. 

The classification of adventitious sounds is confusing. 
Most modern terminology primarily uses the term wheezes 
for continuous sounds and crackles for discontinuous 


sounds. 38 " 40 Continuous sounds typically last for at least 
250 msec, whereas discontinuous sounds last for less than 
20 msec. 38 Wheezes can be further described as inspiratory, 
expiratory, monophonic, polyphonic, high pitched, or low 
pitched. Polyphonic high-pitched wheezes typically occur 
in asthma, and as airway obstruction worsens, wheezes 
tend to progress from end-expiratory, to expiratory, to 
both expiratory and inspiratory sounds. The term rhonchus 
(plural, rhonchi) has also been used to describe a low- 
pitched wheeze and suggests movement of air through 
large airways partially obstructed by mucus. Crackles can 
be further described as inspiratory, expiratory, fine, and 
coarse. Fine crackles are less loud crackles with high- 
frequency components and short duration and are usually 
associated with distal small airway or alveolar diseases 
such as pneumonia or pulmonary edema. Coarse crackles 
are louder crackles with lower frequency and longer dura¬ 
tion and are usually associated with medium or large air¬ 
way disease such as bronchitis. 44 Where in the chest adven¬ 
titious sounds are heard is also important to note and may 
suggest an etiology. Unilateral wheezes or wheezes heard 
over a specific segment or lobe suggest foreign body airway 
obstruction. Fine crackles heard over a specific segment or 
lobe suggest localized pneumonia. 

NONPULMONARY EXAMINATION 

In addition to examining the chest, a general examination 
should be done, including assessment of growth (weight, 
weight percentile, height, and height percentile) and ex¬ 
amination of several other areas of the body, including the 
eyes, ears, nose, throat, heart, abdomen, skin, and extremi- 
ties, for clues to underlying or contributing conditions 
(Box 4-5). Descriptions of many of the pathological find- 
ings that may be found during a pediatric examination are 
outside the scope of this chapter, and the interested reader 


Box 4-5 


Nonpulmonary Examination: Findings Possibly Associated with Pulmonary Disease 


GENERAL 

• Poor growth (weight, height, or both less than the fifth 
percentile for age) 

• Developmental delay 

• Neurological abnormalities or cerebral palsy 

• Muscle weakness or atrophy 

• Adenopathy 

EARS, EYES, NOSE, THROAT 

• Serous otitis media 

• Conjunctivitis 

• Allergic shiners 

• Morgan-Dennie lines 

• Nasal crease 

• Nasal secretions 

• Edematous, pale nasal mucosa 

• Tonsillar hypertrophy 

• Posterior pharyngeal mucus (postnasal drip) 


HEART 

• Abnormal rhythm 

• Murmurs or gallop 

• Prominent second heart sound 
ABDOMEN 

• Distention 

• Hepatosplenomegaly 
SKIN 

• Atopic dermatitis 

• Urticaria 

• Poor circulation 

• Hemangiomas, telangiectasias 

• Cyanosis 
EXTREMITIES 

• Digital dubbing 

• Edema 

• Arthritis 
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is referred to other sources. Conditions potentially associ- 
ated with respiratory disease that can be detected during a 
general examination include significant poor growth, de- 
velopmental delay, neurological abnormalities or cerebral 
palsy, muscle weakness or atrophy, and adenopathy. Poor 
growth, manifested by weight, height, or both weight and 
height less than the fifth percentile for age, suggests a po¬ 
tentially serious chronic condition. Developmental delay, 
neurological abnormalities, and muscle weakness or atro¬ 
phy may result in ineffective cough, dysphagia with pul- 
monary aspiration, chest wall deformities, or restrictive 
lung dysfunction. Adenopathy may suggest immunodefi- 
ciency or an oncological process. 

Examination of the ears, eyes, nose, and throat, although 
usually performed by a physician, is part of the pulmonary 
examination and may reveal tindings associated with a 
respiratory disease. Allergic disorders are suggested by the 
tindings of serous otitis media; conjunctivitis; allergic 
shiners; Morgan-Dennie lines; nasal crease; nasal secretions; 
edematous, pale nasal mucosa; and posterior pharyngeal 
mucus (postnasal drip). Obstructive sleep apnea is sug¬ 
gested by severe tonsillar hypertrophy. 

Cardiac dysfunction may contribute to or be the result 
of pulmonary dysfunction. Findings of an abnormal 
rhythm, murmur, gallop, or prominent second (pulmonic) 
heart sound during cardiac examination suggest cardiac 
dysfunction and should be noted. 

Evaluation of the abdomen may reveal distention or 
hepatosplenomegaly that can be associated with CF 
or may result in impaired diaphragmatic excursion with 
resultant restrictive lung dysfunction. 

Inspection of the skin may reveal evidence of an allergic 
disorder, such as atopic dermatitis or urticaria; cardiac 
dysfunction, such as poor circulation or cyanosis; severe 
hypoxemia, such as cyanosis; or lesions that suggest more 
generalized diseases with a pulmonary component, such as 
hemangiomas (a benign tumor of biood vessel endothelial 
cells that may obstruct large airways or, if in the lung, re¬ 
sult in right-to-left shunting of biood, causing hypoxemia) 
or telangiectasias (small dilated biood vessel malforma- 
tions that if multiple or present in the nose may suggest 
hereditary hemorrhagic telangiectasia). 

Inspection of the extremities may reveal evidence of 
cardiac dysfunction or hypoproteinemia, such as edema; 
immunological disease, such as arthritis; or both. The 
finding of digital dubbing (Figure 4-17) in a child with 
any respiratory condition should strongly suggest 
chronic, potentially severe and life-threatening diseases 
such as CF, interstitial lung disorders, or other serious 
lung disorders. Although digital dubbing may be famil- 
ial, it is also found in cyanotic congenital cardiac disease, 
infective endocarditis, cirrhosis, inflammatory bowel 
disease, and other infectious, neoplastic, inflammatory, 
and vascular disorders. 46 Thus, the finding of digital 
dubbing should always lead to additional laboratory 
evaluation. 
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FIGURE 4-17 A, Normal finger, viewed from above and in 
profile, and the changes occurring in established dubbing, 
viewed from above and in profile. B, The finger on the left dem- 
onstrates normal profile (ABC) and normal hyponychial (ABD) 
nail-fold angles of 1 69 and 183 degrees, respectively. The clubbed 
finger on the right shows increased profile and hyponychial nail- 
fold angles of 191 and 203 degrees, respectively. C, Distal pha¬ 
langeal finger depth (DPD )/interphalangeal finger depth ( IPD) 
represents the phalangeal depth ratio. In normal fingers, the IPD 
is greater than the DPD. In dubbing, this relationship is reversed. 
D, Schamroth sign: in the absence of dubbing, opposition of 
the index fingers nail-to-nail creates a diamond-shaped window 
(arrowhead). In clubbed fingers, the loss of the profile angle 
because ofan increase in tissue at the nail bed causes oblitera- 
tion of this space ( arrowhead ). 


LABORATORY ASSESSMENT 

Routine laboratory studies play a limited but important 
role in the immediate newborn period. Most laboratory 
abnormalities seen in the first 24 hours of life result from 
sepsis, abnormally high or low levels of red biood cells, red 
biood cell isoimmunization, or temporary derangement in 
the regulation of glucose metabolism. 

The white biood cell (WBC) count of the newborn is 
usually significantly higher than pediatric or adult values. 
Leukopenia, WBCs less than 3500/mm 3 , and leukocyto- 
sis, WBCs greater than 25,000/mm 3 , suggest infection. 
WBCs greater than 25,000/mm 3 , however, are not unusual 
in the immediate newborn period. Similarly, the absolute 
number of platelets is associated with fetal/neonatal infec¬ 
tion. A platelet count of less than 150,000 cells/mm 3 is 
abnormally low and is usually seen with acute or chronic 
infections. 
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TABLE 4-6 


Laboratory Values in the Neonatal Patient 


Age 

Hgb 

Hct 

WBCs 

Platelets 


(g/ dl ) 

(%) 

(X1000 

(X1000 

28 wl< of 

14.5 

45 

cells/mm 3 ) 

cells/mm 3 ) 

275 

gestation 

32 wl< of 

15 

47 

— 

290 

gestation 

Term 

16.5 

51 

18.1 

310 

newborn 

1 -3 days 

18.5 

56 

18.9 

300 


Hgb, Hemoglobin; Hct, hematocn t; WBCs, white biood cells. 

Data from Oski FA, Naiman JL. Hematologicalproblems in the newbom infant. 
Philadelphia: WB Saunders, 1981. 


The newborn infant tends to have increased hemoglo¬ 
bin and hematocrit levels at birth. The fetus requires extra 
hemoglobin to maintain appropriate oxygen transport in 
the relatively low oxygen pressure of the fetal environ- 
ment. The newbonTs hematocrit is affected by many fac¬ 
tors, including gestational age, the presence of placental 
abnormalities, the speed and mode of delivery, and the 
length of time after delivery that the infant remains at- 
tached to the placenta (with or without cord stripping 
by the obstetrician). Table 4-6 lists the range of normal 
values for newborns. 

After completion of the history and physical examina¬ 
tion of a pediatric patient, laboratory testing may be 
required for further diagnostic evaluation, objective 
quantification of disease severity, assessment of previous 
management, or longitudinal follow-up (Box 4-6). Typi- 
cally, diagnostic laboratory evaluation proceeds from 
noninvasive to invasive studies in a stepwise progression. 
Noninvasive diagnostic studies that may be considered 
for a child with a respiratory condition include chest 
radiography, pulmonary function testing (spirometry, 


lung volume determinations, Dlco [diffusing capacity of 
the lungs for carbon monoxide], bronchial challenge 
testing [exercise, cold air, and methacholine]), exercise 
desaturation testing, sweat chloride analysis, complete 
biood cell count, serum immunoglobulins (IgG, IgA, 
IgM, and IgE), biood gas analysis (arterial, venous, and 
capillary), allergy skin testing, tuberculosis skin testing, 
sputum cultures (bacterial, fungal, mycobacterial, and 
viral), barium esophagography, chest computed tomog- 
raphy, chest magnetic resonance imaging, overnight 
polysomnography, and so on. Invasive diagnostic studies 
that may be considered include a 24-hour pH probe 
study, rigid or flexible bronchoscopy, lung biopsy (bron- 
choscopically directed, thoracoscopic, and open), and 
others. Studies used to quantitate disease severity, to as- 
sess previous management, or for longitudinal follow-up 
include pulmonary function testing (spirometry, lung 
volume determinations, Dlco, bronchial challenge test¬ 
ing [exercise, cold air, and methacholine]), exercise de¬ 
saturation testing, sputum cultures (bacterial, fungal, 
mycobacterial, and viral), chest radiography, chest com¬ 
puted tomography, and others. Although pulse oximetry 
may be considered a laboratory evaluation in some clini- 
cal settings, because of its widespread availability it 
should be considered a vital sign. 47 

THE HEALTH CARE TEAM 

Because of the complexity and severity of their respiratory 
disease and/or contributing disorders, many children with 
respiratory conditions require evaluation and manage¬ 
ment by a health care team, including the following: 

Physicians 

Nurses 
• RTs 

Speech pathologists 

Physical and occupational therapists 


1 Laboratory Evaluation 

* 

Diagnostic 

• Chest magnetic resonance imaging 

• 

Noninvasive 

• Overnight polysomnography 

* 

Chest radiography 

• Invasive 

* 

Pulmonary function testing (spirometry, lung volume 

• 24-Hour pH probe study 


determinations, Dlco, and bronchial challenge testing 

• Rigid or flexible bronchoscopy 


[exercise, cold air, and methacholine]) 

• Lung biopsy (bronchoscopically directed, thoracoscopic, 


Exercise desaturation testing 

and open) 


Sweat chloride analysis 

• Assessment of disease severity, management, and follow-up 


Complete biood cell count 

• Pulmonary function testing (spirometry, lung volume deter¬ 


Serum immunoglobulins (IgG, IgA, IgM, and IgE) 

minations, Dlco, and bronchial challenge testing [exercise, 


Biood gas analysis (ABG, VBG, and CBG) 

cold air, and methacholine]) 


Allergy skin testing 

• Exercise desaturation testing 


Tuberculosis skin testing 

• Sputum cultures (bacterial, fungal, mycobacterial, and viral) 


Sputum cultures (bacterial, fungal, mycobacterial, and viral) 

• Chest radiography 


Barium esophagography 

• Chest computed tomography 


Chest computed tomography 


| ABG, Arterial biood gas; CBG, capillary biood gas; Dlco, diffusing capacity of the lungs for carbon monoxide; VBG, venous biood gas. 
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The RT has unique opportunides during airway clear- 
ance, delivery of inhaled medications, or pulmonary func- 
tion testing to contribute to the care of children with 
respiratory conditions by obtaining additional history and 
observing physical findings and then communicating 
these observations to the appropriate member of the 
health care team. Because children with respiratory condi¬ 
tions often have multiple encounters with the RT, the RT 
can make repeated observations of technique for delivery 
of inhaled medications and airway clearance and give en- 
couragement to the child and caregiver for good technique 
or report any need for changes in technique to the appro¬ 
priate member of the health care team. During the health 
care team’s decision-making process regarding further 
evaluation and management, such information provided 
by an observant and caring RT often proves invaluable. 


CLINICAL HIGHLIGHT 


A 6-year-old giri is brought by her mother to the pulmonary 
office because of recurrent pneumonia. This establishes the 
chief complaint. With only this information the RT faces an 
extensive differential diagnosis that might include CF, immu- 
nocompromise, aspiration, chronic infection, and asthma. 
Further questioning reveals that the child has had at least 
one episode of pneumonia in each ofthe last 4 years, usually 
in the winter months. Her symptoms during the acute illness 
include cough, fever, and dyspnea. Only one ofthe pneumo¬ 
nias resulted in hospitalization. The patient recovered com- 
pletely between episodes. 

At this point the RT needs to pursue additional history. 
The girl’s growth has been good, and she does not have 
frequent gastrointestinal symptoms or greasy bowel move- 
ments, making CF less likely. Her mother is healthy and has 
no acquired immunodeficiency syndrome (AIDS) risk fac¬ 
tors, making AIDS less likely. Each of the pneumonia 
episodes started with a common cold, often accompanied 
by wheezing. The patient has had occasional coughing when 
exposed to irritating smells such as cigarette smoke and cold 
air. During one emergency department visit, she received a 
nebulized medication, which greatly relieved her respiratory 
distress. These findings suggest that her primary disease 
might be asthma (Box 4-7). 

The child has had no recognized exposure to tuberculosis 
and no foreign body aspiration history. She denies swallowing 
difficulty, frequent emesis (vomiting), or heartburn. She has 
had a red itchy rash in the elbow and knee regions in the past 
that her mother thinks is eczema. The patient has not had 
welts or hives (i.e., urticaria). The associated atopic history 
also points to asthma as the underlying explanation for the 
pneumonias. 

Family History 

The family history may also reveal valuable dues. In the case 
of this 6-year-old giri, her older brother was diagnosed with 
asthma as a young child; there was no recognized CF, infer- 
tile males, dextrocardia, immunodeficiency, or oq-antiprote- 
ase deficiency. This further supports asthma as a potential 
cause of her recurrent pneumonia. 


History Taking in the Pediatric 
Patient with Asthma 

MANIFESTATIONS 

• Cough 

• Wheeze 

• Dyspnea 

• Chest pain 

AGGRAVATING FACTORS 

• Upper respiratory tract infections 

• Exercise or activity 

• Allergens or exposures 

• Irritants 

• Emotions 

ALLEVIATING FACTORS 

• Bronchodilators 

• Avoidance of aggravating factors 

FAILED MEDICATION TRIALS 

• Antibiotics 

• Decongestants 

• Humidification 

• Other 

ASSOCIATED CONDITIONS (REVIEW OF SYMPTOMS) 

• General: poor growth, activity intolerance 

• Allergy/atopy: conjunctivitis, rhinitis, eczema, urticaria 

• Gastrointestinal: dysphagia, dyspepsia, emesis, steatorrhea 

• Pulmonary: recurrent pneumonia, foreign body aspiration 

• Ear, nose, and throat: mouth breathing, snoring 

• Exposure to infections: pertussis, tuberculosis, bronchiolitis, 
influenza, common cold 

FAMILY HISTORY 

• Allergic/atopic diseases: asthma, rhinitis, eczema, urticaria, 
food allergy 

• Cystic fi brosis 

• Infertile males (history of male infertility might suggest CF 
and need for further diagnostic testing) 

• a-pAntiprotease deficiency 

• Dextrocardia 

• Immunodeficiency States 
ENVIRONMENTAL EXPOSURES 

• Pets (cats, dogs, ferrets, hamsters, gerbils, birds, etc.) 

• Tobacco smoke 

• Visible household mold 

• Areas of indoor dampness or water damage 


CLINICAL HIGHLIGHT 


A 6-year-old patient with asthma was undergoing pulmonary 
function testing during a follow-up asthma clinic visit. She 
reported to the pulmonary nurse that her asthma had been 
under worse Control over the past 2 months, especially 
during exercise and at night. The attending physician was 
prepared to prescribe a short course of oral prednisone and 
double the baseline dose of the inhaled corticosteroid. 
During administration ofthe inhaled bronchodilator as part 
of the pulmonary function test, the RT noticed that the 
metered-dose inhaler technique was quite poor (despite 


Box 4-7 
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prior demonstration of correct technique). Further question- 
ing identified that the spacing device prescribed to improve 
aerosol deposition had been “lost” several weeks ago. Nei- 
ther the patient nor her family realized the significance ofthis 
loss. After discovering this, the RT told the asthma team 
about her concerns that neither the inhaled steroids nor the 
bronchodilators were likely to be optimally deposited in the 
lower airways. Rather than increase the patient’s exposure to 
corticosteroids, inhaler technique was reviewed and another 
spacing device was prescribed. Both the patient and her 
mother were reeducated about the importance of adherence 
and the proper technique for use ofa metered-dose inhaler 
and spacing device. 

In this example, the RT’s participation with the health 
care team helped avoid unnecessary additional medications. 


CLINICAL HIGHLIGHT 


A 28-month-old boy is admitted to the hospital for respira- 
tory distress and pneumonia. During the initial assessment, 
the RT noted that the child is somewhat thin and anxious but 
sitting quietly in his mother’s arms. The child’s pulse is 140 
beats per minute, respiratory rate is 52 breaths per minute, 
room air oxygen saturation is 91%, and he has mild intercos- 
tal retractions. Auscultation reveals diffuse fine crackles. The 
child does not have dubbing. The RT appropriately places 
the child on low-flow nasal cannula oxygen. Further history 
reveals that the boy has had recurrent cough since he was 
several months of age, several bouts of pneumonia, and re¬ 
cently has developed a productive cough and lost 3 pounds. 
The RT communicates these findings to the child’s physician 
and asks if the child could have a chronic respiratory illness 
such as cystic fibrosis. After initiating appropriate immediate 
therapy, the physician obtains a sweat chloride analysis that 
is positive and refers the child to a nearby cystic fibrosis cen¬ 
ter for further evaluation and management. 

In this example, the RT’s brief assessment and recognition 
that the child not only had an acute respiratory illness but 
also a probable chronic pulmonary disease led to communi- 
cation with the child’s physician. This communication re¬ 
sulted in further diagnostic testing, leading to a diagnosis 
I and referral to more specialized care. 


| KEY POINTS 

• Initial stabilization of the newborn minimally involves 
the following: 

Drying and warming the infant 

Opening and clearing the infant’s airway if indicated 
Stimulating the infant to breathe 

• Direct laryngotracheal suctioning should occur in the 
nonvigorous (i.e., no or poor respiratory effort, heart 
rate < 1 00, or poor muscle tone) meconium-stained 
newborn. 

• Apgar score is an evaluation of newborns based on 
five factors: heart rate, respiratory effort, muscle 


tone, reflex irritability, and skin color. Apgar scoring 
is performed at 1 minute and 5 minutes after birth. 
Additional scoring may be indicated when the 
5-minute Apgar is less than 7. 

• Small-for-gestational-age infants have a birth weight 
less than the tenth percentile for gestational age. An 
infant whose birth weight is more than the ninetieth 
percentile is large for gestational age. 

• Critical vital signs for initial assessment of the new¬ 
born include the following: 

Heart rate (120-1 70 beats per minute) 

Respiratory rate (40-60 breaths per minute) 

Biood pressure 

Temperature 97.6 ± 1 °F (axillary) and 99.6 ± 1 °F 
(rectal) 

• Periodic breathing is normal in the neonate. Apnea is 
diagnosed by a 20-second cessation of respiration. 

• Grunting, nasal flaring, and retractions indicate 
respiratory distress in the normal newborn. The 
Silverman score provides an objective measure of 
newborn respiratory distress. 

• Transillumination of the neonatal chest wall with a 
high-energy light source can rapidly diagnose a pneu- 
monthorax. A pneumothorax will “light up” brighter 
than normal lung tissue. 

• Neurological examination ofthe newborn involves 
observing the infant’s response to the environment 
(bright lights and sounds), muscle tone, and presence 
ofvarious reflexes (e.g., grasp, plantar grasp, Moro, 
and stepping reflexes). 

• Examination of a pediatric patient may occur in 
the lap ofa caregiver. A crying child is difficult to 
examine. 

• Head bobbing is sign of respiratory distress in the 
small child or infant. 

• Respiratory rate varies in the pediatric patient with 
activity level but is still a sensitive indicator ofthe 
severity of underlying lung disease. 


ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. What is the proper procedure to implement for an infant 
known to have experienced meconium aspiration before 
birth? 

A. The obstetrician should suction the mouth, nose, 
and pharynx after delivery ofthe head, but before 
delivery of the shoulders. 

B. Intubate immediately and aspirate the trachea, 
using a meconium aspirator regardless of whether 
the infant is vigorous. 

C. Treat the infant exactly as if meconium was not 
present. 

D. Intubate and suction only if the infant is not 
vigorous; otherwise, follow the normal resuscita- 
tion procedures. 
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2. Appropriate stimulation ofa newborn includes which 
of the following: 

A. Flicking the bottoms of the feet 

B. Gently shaking the shoulders 

C. Drying with a warm towel 

D. Gently rubbing the back 

E. A and B 

F. A, C, and D 

3 . The Apgar score includes which of the following criteria: 

A. Color 

B. Evaluation ofthe Moro reflex 

C. Heart rate 

D. Reflex irritability 

E. A and B 

F. A, C, and D 

G. C and D 

4 . The best indicator of an infant’s overall cardiopulmo- 
nary status immediately after birth is 

A. Heart rate 

B. Apgar score 

C. Color 

D. Respiratory effort 

5. The ideal time to assess the gestational age of a 
newborn is 

A. Within the first 30 minutes after birth 

B. Within the first hour of life 

C. Within the first 12 hours of life 

D. Within the first 24 hours of life 

6. Ideally, gestational age is evaluated on the basis of 

A. The gestational duration since the mother’s last 
menstrual cycle 

B. Prenatal ultrasound evaluations 

C. The Ballard scoring system 

D. All ofthe above 

7. Apnea is a pathological condition in which breathing 

ceases for a period of_seconds or longer. 

A. 10 

B. 20 

C. 45 

D. 60 

8. Signs of respiratory distress in a newborn include 
which ofthe following: 

A. Vesicular breath sounds 

B. Grunting 

C. Nasal flaring 

D. B and C 

E. A and B 

9 . The umbilical cord normally has_artery(ies) 

and_vein(s). 

A. 1 and 1 

B. 2 and 2 

C. 1 and 2 

D. 2 and 1 

10. An 8 month old presents with head bobbing. The 
following is true about head bobbing: 

A. It usually suggests a brainstem lesion. 

B. It is a voluntary action that can be stopped on 
command. 

C. It usually suggests respiratory distress, airway 
obstruction, or decreased lung compliance. 

D. It is unrelated to cardiopulmonary disease. 


11 . Palpation of a patient’s chest produces a vibration of 
the chest wall during quiet breathing. This suggests 
partial obstruction ofthe large airways by mucus. 

The name of this sign is: 

A. Fine crackles 

B. Rhonchal or bronchial fremitus 

C. Clubbing 

D. Pectus carinatum 

E. Stridor 

12. An infant produces an audible noise that appears to 
be stridor. The following is true about stridor: 

A. It is a high-pitched, monophonic, audible noise. 

B. It may occur during inspiration or expiration or 
may be biphasic. 

C. Patients with laryngomalacia or subglottic stenosis 
may have inspiratory stridor. 

D. Patients with a double aortic arch compressing the 
trachea, or tracheomalacia, may have expiratory 
stridor. 

E. All ofthe above. 

13. A teenager has a temperature of 38.5°C, a respiratory 
rate of 28 breaths per minute, increased thoracic an- 
teroposterior diameter, minimal subcostal retractions, 
and fine and coarse crackles heard over the right and 
left upper lobes. Further evaluation reveals mild digital 
clubbing ofthe fingers. This child probably has the 
following underlying disease: 

A. Asthma 

B. Gastroesophageal reflux 

C. Bilateral bronchomalacia 

D. Cystic fibrosis 

E. Acute respiratory distress syndrome 

14 . In the emergency room, the respiratory therapist 
is asked to give a 2 year oid in respiratory distress 
an albuterol treatment. Pretreatment assessment 
reveals a mildly uncomfortable afebrile child with 
a respiratory rate of 36 breaths per minute, mild 
subcostal retractions, and expiratory wheezes 
best heard over the right middle and lower lobes. 
Posttreatment assessment is unchanged except that 
the respiratory rate is now 32 breaths per minute. 

A brief history reveals that coughing began abruptly 
several days ago and wheezing was noted this 
morning. The family has no history of atopic disease 
(allergic rhinitis, allergic conjunctivitis, asthma, or 
atopic dermatitis). This child was previously healthy 
with no history of chest disease. The respiratory 
therapist speaks with the attending physician and 
suggests that the child most likely has the following 
disorder/disease: 

A. Pneumonia 

B. Cystic fibrosis 

C. Foreign body aspiration 

D. Laryngeal cleft 

E. Double outlet right ventricle 
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LEARNING OBJECTIVES 


After reading this chapter the reader will be able to: 

1. Define the terminology and various abbreviations used 
in describing specific aspects of interpreting pulmonary 
function tests 

2. Identify specific techniques used to elicit acceptable 
and repeatable results in children when performing 
pulmonary function tests 

3. Describe the special challenges specific to neonates, 
infants, and children when performing pulmonary 
function tests or assessing respiratory function 

4. Appraise the standard and alternative instrumentation 
techniques available for pulmonary function testing of 
the newborn and the child 

5. Differentiate among the infant, child, and adult chest 
wall and pulmonary mechanics that affect correct 
interpretation of the pulmonary function data 

6. Compare the various techniques available for measuring 
airway function in both infants and children 


7. Compare the various techniques available for measuring 
lung volumes in both infants and children 

8. Explain the methods used to challenge, or provoke, 
the airways to assess more subtle lung function 
abnormalities or airway reactivity, and their role in 
developing a treatment 

9. Recognize the cut point for an abnormal exhaled nitric 
oxide test 

10. Distinguish the difference between resistance and 
reactance measured during impulse oscillometry 
testing 

11. Describe the various tests and techniques used at 
the bedside to assess pulmonary function and lung 
mechanics in the spontaneously breathing and 
mechanically ventilated patient 
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KEY TERMS 


Airway resistance 
“All-age” reference equations 
Body plethysmography 
Bronchial provocation 
Cardiopulmonary exercise testing 
(CPET) 

Diffusing capacity 
Dynamic lung compliance 


Exhaled nitric oxide 
Functional residual capacity 
Hug technique 
Impulse oscillometry 
Lung compliance 
Pulmonary mechanics 
Rapid shallow breathing index 
Reactance 


Respiratory inductance 
plethysmography 
Specific conductance 
Spirometry 
Tension time index 
Thoracic gas volume 
Transpulmonary pressure 
Work of breathing 


INTRODUCTION 

Pulmonary function testing (PFT) is an objective measure- 
ment of the respiratory system under various conditions 
of normal, disease, and stress States. Pulmonary function 
measurements can be used as a primary diagnostic tool or 
to frequently monitor disease progression by comparing 
previous or subsequent assessments. 1,2 PFT results cor- 
roborate a diagnosis suspected from the other compo- 
nents of the pulmonary assessment, primarily the patient 
history and physical examination. The American Thoracic 
Society and European Respiratory Society (ATS-ERS) 
publishes standards and guidelines for testing system 
performance characteristics, quality control, and test 
methodology in adults, adolescents, and preschool-aged 
children. 3 The pulmonary function laboratory equipment 
quality control program needs to follow these recommen- 
dations to ensure accurate test results regardless of the size 
and age of the subject being tested. 

Assessing whether a specific measurement is “normal” 
may be complex because of the wide range of variability in 
normal children. Recent reference equations have been 
published for spirometry, diffusing capacity, and other 
variables that help to define lung function in young sub- 
jects. The “all-age” reference equations published in 
2012 by the European Respiratory Society Global Lung 
Initiative taskforce define normal values for common 
spirometry indices down to 3 years of age. 4 PFT measure¬ 
ments remain an integral component in evaluation and 
lengthy follow-up of children with pulmonary dysfunction 
over time. PFT measurements evaluate the degree of illness 
and quantitatively determine the efficacy of various thera- 
peutic interventions. 

Laboratory testing includes measurement of lung com¬ 
pliance, assessment of airway caliber, lung volumes, gas 
exchange, and airway inflammation. 5,6 These tests can be 
performed in a laboratory setting or at the bedside 
and may include maneuvers that require active or passive 
participation by the subject. 

Bedside pulmonary function studies apply PFT systems 
in the intensive care unit at the bedside to aid in mechani- 
cal ventilator management. Mechanical ventilators now 
provide the opportunity to measure and display airway 
graphics of pressure, flow, and volume on the ventilator 
screen. This provides real-time displays and is useful when 


assessing the interaction between the ventilator and the 
patient. These measurements are used to optimize ventila¬ 
tor support and to reduce the potential complications of 
positive-pressure ventilation. Because of the differences in 
purpose, test conditions, and clinical application, these 
types of studies at the bedside are differentiated from stan¬ 
dard laboratory PFT studies. 

DEFINITIONS 

The terminology used to describe tests that are included in 
specific orders may vary across institutions. “Complete 
pulmonary function testing” may denote an extensive test¬ 
ing protocol at one institution or a more select group of 
tests at another. Similar variations exist for “lung function 
survey” and “pulmonary screening.” Therefore, clinicians 
need to be familiar with the specific testing protocols 
within their institution. 

In this chapter, the term spirometry represents flow- 
volume or volume-dme measurements of basic lung func¬ 
tion parameters. Spirometric measurements include forced 
vital capacity (FVC), forced expiratory volume in 1 second 
(FEVO, the ratio ofFEVj to FVC (FEV^FVC), forced expi¬ 
ratory flow at 25% to 75% of vital capacity (FEF 2 5 _ 7 s), and 
forced expiratory flow at 50% of vital capacity (FEF S0 ). 
Lung volumes describe the measurements of thoracic 
gas volume, functional residual capacity (FRC), residual 
volume (RV), total lung capacity (TLC), and the ratio of 
RV to TLC (RV/TLC). Consider other measurements, such 
as carbon monoxide diffusing capacity, resistance or con¬ 
ductance, compliance, and maximal voluntary ventilation 
as separate tests. Sophisticated and seldom used tests are 
not addressed in this chapter, and more extensive texts for 
additional information are available. 1,2,9-12 

Bedside PFT refers to those tests often performed at the 
bedside, typically in the intensive care unit, including 
tidal volume (V T ), vital capacity (VC), minute ventilation 
(V E ), peak expiratory flow rate (PEFR), and respiratory 
muscle strength measurements of maximal inspiratory 
pressure (MIP) and maximal expiratory pressures (MEP). 
Pulmonary mechanics are the interaction of forces and 
physical principles that determine the characteristics of 
gas movement into and out of the lungs. Elasticity of 
the lung and chest wall, resistance to flow through 
the airways, and the action of the respiratory muscles 
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(diaphragm, intercostal muscles, and accessory muscles) 
are measurable forces affecting ventilation. 

MECHANICS OF BREATHING 
IN NEWBORNS 

With the first breaths of extrauterine life, a newborn must 
replace the in utero lung fluid with air. Surface tension 
forces in the fluid-filled lung require high negative pres¬ 
sures within the chest to establish normal air volume in 
the lungs. Newborns, particularly those born prematurely 
with respiratory distress syndrome, have low lung compli- 
ance. More pressure, or energy, is required to provide the 
normal amount of air volume brought into the baby’s 
lungs with each breath. Because the newborn’s ribs are 
mostly cartilage, the chest wall is flexible. With significant 
lung disease, the infant’s chest wall may actually be more 
compliant than the lungs, causing retractions, in which 
the ribs and sternum distort inward during inspiration 
instead of expanding the lungs. The lung-thorax mechan- 
ical relationship is less of the traditional “bag in a box” 
analogy and more like a “bag in a bag.” 

The combination of lung compliance (C) and airway 
resistance (Raw) is the major force opposing inspiration, 
whereas elastic recoil is the force responsible for passive 
normal exhalation. When measured under static condi- 
tions (i.e., no gas flow into or out of the lungs), C is an 
assessment of the elasticity (compliance) of the total respi¬ 
ratory system (Crs). Ll 

Lung Inflation and Transpulmonary 
Pressure 

For both spontaneous and mechanically assisted breaths, 
the change in pressure within the airways is the driving 
force for gas movement into and out of the lungs. During 
spontaneous inspiration, moving the diaphragm and 
other muscles of ventilation expands the chest volume, 
which creates subatmospheric pressure in the thorax. 
During mechanically assisted breathing the ventilator 
applies positive pressure to the airways. Expiration is usu- 
ally considered passive, but in faet the elastic recoil of the 
lungs and chest wall that causes gas movement out of the 
lungs requires energy. 

Pulmonary mechanics are calculated by determining the 
change in pressure across the lung simultaneously with 
flow and volume measurements. During mechanically 
assisted ventilation, pressure in the airway is measured at 
the endotracheal tube. Gas flow and airway pressure are 
measured with a sealed face mask for spontaneous breath¬ 
ing studies. Pleural pressure may be approximated with 
a catheter placed in the esophagus. 1317 The catheter is 
connected to a pressure transducer and either is filled with 
fluid or has an air-filled balloon at its tip. 

Transpulmonary pressure is the pressure exerted on 
the lungs for gas movement; it is the difference between 
pleural and airway pressure. Pleural pressure measurements 


may not always be performed in assessing pulmonary 
mechanics for ventilator-patient management. In general, 
under these circumstances it is assumed that the pressure in 
the large airways equalizes to the distal airways in the lungs. 
In this case the compliance measurements are actually of 
the respiratory system, including the chest wall, rather than 
of the lungs alone. 

NEONATAL PULMONARY 
FUNCTION TESTING IN 
THE LABORATORY 

A laboratory offering PFT for infants must be prepared to 
meet the special needs of these patients. 12 Commercially 
available equipment typically uses the most technically 
advanced flow sensors and analyzers and may be expensive 
for a pulmonary laboratory to purchase. Before pursuing 
this type of testing, the laboratory should thoroughly 
evaluate its expectations, goals, and resources available to 
perform quality testing. 2 

Routine infant and adolescent PFTs require certain 
technical obstacles be overcome. The use of computers and 
precision electronics surmounts many of these challenges, 
which include high respiratory rates, the need for low dead 
space in the airway connection, and accurate measure¬ 
ments of very small gas volumes. Current instrumentation 
employs rapid-response gas flow sensors that are easily 
calibrated, remain stable, and are accurate in a measure- 
ment range that extends to the gas volumes of the smallest 
newborns. 1,16 A more complete discussion of equipment 
characteristics can be found in other sources. 2 

In infant testing, the subject may need to be lightly se- 
dated in the laboratory for 2 to 3 hours to complete a full 
set of studies. Sedation carries some risk, and testing 
should not be viewed as routine. In a study by Fleinstein 
et al., the NPO guidelines from the hospital sedation pol- 
icy allowed infants younger than 6 months to receive 
formula and solids for up to 6 hours, breast milk for up to 
4 hours, and clear liquids for up to 2 hours before seda¬ 
tion. Children who are 6 months or older may receive 
solids and liquids for up to 6 hours and clear liquids for up 
to 2 hours before sedation. 1 

Some drugs may alter pulmonary mechanics or the nor¬ 
mal characteristics of breathing. Chloral hydrate is pre- 
ferred by many laboratories and can be administered as an 
oral solution or rectally. The recommended dosage ranges 
from 50 to 90 mg/kg with a maximum dosage of 1 g given. 
Although normally a safe sedative for this purpose, using 
chloral hydrate when oxygen saturations are reduced in- 
creases the risk of respiratory distress. The infant should 
be continuously monitored from the time of drug admin¬ 
istration until discharge. 17 

A face mask is required when testing neonates and 
infants. To ensure accurate testing, minimize both mask 
resistance and mask dead space volume during the mea- 
surement. Exercise caution, using a face mask can cause 
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trigeminal nerve stimulation and induce vagal reflexes 
that may alter the pattern of heart or respiratory rhythm. 
A physician, emergency supplies, and equipment for 
infant resuscitation must be readily available in the labo- 
ratory area. 

Plethysmography (Baby Box) 

The principle of body plethysmography is similar to 
that of the gas concentration techniques. 18 In a closed 
system the product of pressure and volume is constant 
(Boyle’s law). When performing pulmonary function 
testing in infants, the child is sedated and placed in the 
supine position. A tight-fitting mask with a small dead 
Space volume is placed over the infant’s nose and mouth. 
Putty is placed around the edges to create an airtight seal 
(Figure 5-1, B). Rapidly moving valves may make airway 
occlusions at end inspiration or end expiration for deter¬ 
mination of thoracic gas volume (TGV) and airway resis- 
tance. The infant does not pant; however, tidal breaths 
may be shallow. Therefore the pressure transducers and 
flow sensors must be critically precise and accurate. In 
addition, the infant body box is relatively small and 



FIGURE 5-1 A, Positioning a patient in a “baby box” 
plethysmograph. B, Close-up of sedated baby with face mask, 
putty to form a seal, and pneumatic belt to perform the 
“hug technique.” 


temperature changes can drastically alter these measure- 
ments. Therefore the temperature in the box must be 
controlled and the air vented. 

Signal-to-noise ratios are particularly critical in an in¬ 
fant plethysmograph. Although the child is motionless, 
safety features must permit rapid access to the box and the 
baby. The breathing apparatus should be easily removable 
in case the child is in distress or vomits. The advantage of 
plethysmography in infants is that it accurately measures 
TGV, the total gas in the thorax, and thus FRC may be 
determined. FRC is the easiest volume for the subject to 
reproduce consistently. Because the infant is not capable 
of performing a voluntary maximal inspiration nor expira¬ 
tion, residual volume and TLC cannot be obtained in the 
traditional manner. However, if the infant pulmonary 
function system is capable of performing raised volumes 
and forced thoracic compressions, then a full set of frac- 
tional lung volumes can be estimatedd 

Functional residual capacity (FRC) is the resting 
volume of the lung at end expiration.’ The chest wall of 
newborns is very compliant, and supine FRC values are 
lower than adult values—approximately 20% of total lung 
capacity. Preterm infants with respiratory distress syn- 
drome have an abnormally low FRC because of alveolar 
collapse. The low FRC value results in low lung volume, 
low compliance, and increased work of breathing to 
achieve adequate tidal volume. Figure 5-2 shows tidal 
volume-pressure loops at various FRC levels. Note that the 
slope of compliance is best, and thus work of breathing is 
least, at a normal FRC. Some infants maintain a dynamic 
FRC at this level by incorporating breathing strategies that 
limit the expiratory flow rate, such as expiratory grunting 
and increased postinspiratory diaphragmatic muscle tone. 
Neonates with severe respiratory distress syndrome need 
positive airway pressure during expiration to establish a 
normal FRC. 

Several methods may be used to determine FRC. Sys¬ 
tems using helium dilution and nitrogen washout tech¬ 
niques are basically scaled-down versions of adult systems. 
The helium dilution technique uses a closed-circuit 



FIGURE 5-2 Vol ume-pressure loops of tidal breathing at vari¬ 
ous levels of functional residual capacity (FRC). A, Low FRC; 
B, normal FRC; C, elevated FRC. 
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system. Applying petroleum jelly to the edges of a dispos- 
able mask is helpful to ensure an airtight seal with no leaks 
on the infant’s face. The infant breathes the helium¬ 
oxygen mixture while connected to a spirometer, until the 
helium concentration equilibrates between the circuit and 
lungs. The reduction in measured helium concentration in 
the circuit is equated to the FRC. The helium dilution 
method may be used for very sick infants with a fraction of 
inspired oxygen as high as 0.95. 6 

The nitrogen washout method also uses a sealed face 
mask. The infant breathes 100% oxygen in an open circuit, 
which displaces nitrogen in the lungs. The circuit must 
have no gas leaks. The system measures the volume of 
nitrogen washed out of the lungs. This method cannot 
measure the FRC if the infant’s fraction of inspired oxygen 
is greater than 0.65. 19 Atelectasis may result from washout 
of poorly ventilated and partially obstructed areas of 
the lung. 

The helium dilution and nitrogen washout techniques 
are described in further detail in the pediatric pulmonary 
function section of this chapter. 

Measuring Static Compliance 
and Airway Resistance 

Static compliance (Crs) describes the elastic properties of 
the total respiratory system. Crs is measured during no 
airflow, using the passive exhalation occlusion technique, 
and assesses elasticity of the respiratory system. 6,18,20 
Volume and pressure are measured with a pneumotach- 
ometer at two points of a passive resting exhalation. The 
airway is momentarily occluded at end inspiration by a 
shutter placed between the face mask and the pneumota- 
chometer to stimulate the Flering-Breuer reflex. The occlu¬ 
sion creates an apneic pause and relaxes the respiratory 
muscles. Pressure is measured during the occlusion, and 
passive exhaled volume is measured after the shutter 
opens. Crs is calculated by dividing the total passive 
expiratory volume by the corresponding pressure change 
at the airway opening. 

Airway resistance (Raw) reflects the nonelastic airway 
and tissue forces resisting gas flow. Raw is calculated from 
the ratio of airway occlusion pressure to expiratory flow 
and is described in centimeters of water per liter per 
second (cm H 2 0/L/s). Raw is dependent on the radius, 
length, and number of airways and varies with volume, 
flow, and respiratory frequency. The small diameters of an 
infant’s tracheobronchial tree result in high resistance to 
gas flow. Airway irregularities; partial blocks caused by 
mucus, tumor, or foreign bodies; and partial closure of the 
glottis can also elevate Raw. The passive exhalation occlu¬ 
sion technique is noninvasive and can be performed with 
little disturbance to the infant. 21,22 However, infants with 
severe lung disease have an increased respiratory drive, and 
it may not be possible to induce a Flering-Breuer response. 6 

Raw measurements may be derived from body plethys- 
mograph data, using a modified infant incubator as 


the enclosure. Because a pulmonary plethysmograph 
measures lung volumes, FRC and TLC measurements are 
acquired along with Raw. 

Another method of determining Raw is to generate 
random noise signals at high frequencies at the mouth 
while the infant is breathing normal tidal breaths through 
a mouthpiece or mask. This technique is known as forced 
oscillation and is described later in this chapter. Similar to 
the plethysmograph, the forced oscillation technique may 
also be another method used to determine thoracic gas 
volume measurements. This technique is tolerated well by 
the infant with minimal discomfort. 

Crs and Raw measurements may be useful in the follow- 
ing patients: 

• Those receiving diuretics for chronic lung disease such 
as bronchopulmonary dysplasia 
Patients undergoing high-frequency ventilation 
■ Those with meconium aspiration syndrome 

Subsequent to extracorporeal membrane oxygenation 
Patients with respiratory syncytial virus infections and 
pneumonias 

Patients with diaphragmatic hernia 

Patients receiving aerosolized bronchodilator therapy 

Measuring Maximal Expiratory Flow 
by Rapid Thoracic Compression 
Technique 

Measuring gas flow during a forced expiratory maneuver 
is the conventional procedure used to evaluate airway 
obstruction in a cooperative infant. A relatively noninva¬ 
sive technique to generate a partial expiratory flow vol¬ 
ume (PEFV) curve in infants allows the measurement of 
expiratory flows during a forced maneuver in infants and 
small children. 3,6,18 A rapid thoracic compression or 
“hug” is delivered to the sleeping infant’s chest and 
abdomen with an inflatable jacket to produce a forced 
expiration (Figure 5-1, B). A pneumotachometer with a 
sealed face mask measures exhaled gas flow. The flow at 
the end-expiratory point of a normal resting tidal breath 
(FRC) is measured on the PEFV curve. This flow value, 
the maximal expiratory flow at FRC, is reported as 
liters per second (Figure 5-3). Multiple tests at various 
jacket inflation pressures are conducted for a “best test” 
assessment. 

The maximal expiratory flow test can demonstrate flow 
limitation in airway disease and is valuable for evaluating 
the response to bronchodilator therapy in infants. 23 PEFV 
studies are often performed before and after aerosolized 
bronchodilator therapy. An increase in maximal expiratory 
flow at FRC by at least 20% demonstrates a positive re¬ 
sponse to bronchodilator therapy. A significant number of 
infants with chronic lung disease have a negative broncho¬ 
dilator response. 24 

Problems with the “hug technique” occur infrequently 
in experienced hånds. The clinician must avoid collapsing 
the upper airway as a result of hyperextending the neck, 
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FIGURE 5-3 Partial expiratory flow-volume (PEFV) curves with 
Identification of maximal expiratory flow at FRC (VmaxFRC), 
demonstrating a normal resting tidal breath and one with flow 
limitation. A, Normal; B, Abnormal (flow limited). 

resulting in forced airflow limitation solely because of 
positioning. Other types of upper airway impedance may 
also affect the accuracy of the intrathoracic flow rates, and 
reflex glottis closure may complicate testing. 6 

Thoracoabdominal Motion Analysis 
by Respiratory Inductance 
Plethysmography 

Respiratory inductance plethysmography (RIP) is a 
method used to indirectly measure tidal breathing over a 
wide age range, including infants. Compliant elastic bands 
are wrapped around the abdomen and chest of the infant. 
These bands are used to analyze thoracoabdominal motion 
in addition to the degree to which chest and abdominal 
excursions are out of phase (asynchronous). Thoracoab¬ 
dominal asynchrony (TAA) should increase with increased 
respiratory resistance (upper or lower airways, lung tissue), 
decreased lung compliance (CL) (parenchymal disease), and 
increased chest wall compliance (floppy rib cage, neuro- 
muscular disease). RIP can be calibrated to measure VT 
or uncalibrated so that the chest and abdominal signal 
reflect the timing and direction of volume change but not 
absolute volume changes. Because body movement and 
nonsinusoidal breathing can make accurate measurements 
challenging, data collection should occur during natural, 
quiet breathing, which most often occurs during sleep in 
infants. Although there are multiple limitations to take 
into consideration and a limited number of studies, RIP 
may be a useful screening tool in overall respiratory system 
function in infants. 3 


PEDIATRIC PULMONARY 
FUNCTION TESTING IN 
THE LABORATORY 

Pediatric Testing 

The greatest obstacle to obtaining satisfactory pulmonary 
function measurements in children lies in enlisting their 
cooperation and effort. Clinicians who work predomi- 
nantly with children develop their own unique systems for 
making children comfortable and eliciting an appropriate 
testing effort. Conversely, pulmonary function laborato- 
ries that have limited experience with children often do 
not obtain satisfactory cooperation, and therefore the test 
results are inconclusive and the information may not be 
useful. 

Several key factors are common to successful ap¬ 
proaches in performing PFT on children. The testing 
environment or laboratory should have a warm and 
friendly atmosphere with pediatric-oriented pictures 
and toys. Each portion of the testing procedure should 
be carefully explained at an age-appropriate level, and 
the child’s participation should be elicited in a playful 
rather than challenging fashion. For children undergo- 
ing their first PFT procedure, several efforts may be 
required before a satisfactory test is achieved. There is no 
substitute for patience and tolerance in this setting. Sat¬ 
isfactory performance can generally be achieved in the 
5- or 6-year-old child, but some 8-, 9-, and 10-year-old 
children continue to have difficulty. Although uncom- 
mon, 3-year-old children may be able to do well, and 
good results have been reported more commonly among 
4-year-old children. If the child is unable to perform 
satisfactorily at the first session, repeated attempts at 
subsequent visits should be encouraged, because most 
children learn quickly and often do much better at the 
next opportunity. 

Spirometry 

Spirometry is a common test performed in the pediatric 
subject and requires active participation and cooperation 
to elicit acceptable and repeatable results. Spirometers 
are categorized into two general types: volume and flow. 
Volume spirometers collect the expired air and divide the 
subject’s expiratory time to derive flow. These spirometers 
are large because they are required to measure up to 8 L of 
air. 3; Flow-based spirometers use a pneumotachometer, or 
some other flow-sensing device, to measure flow, which in 
turn is multiplied by the subject’s expiratory time to calcu- 
late volume. Flow spirometers are more common because 
they are inherently smaller than a volume spirometer and 
can easily be integrated into a variety of testing systems. 
An assortment of flow-based spirometers are available, 
including handheld devices, standalone systems integrated 
with a computer or laptop, and spirometers that are 
a component of a complex testing system that might 
include a body plethysmograph. 
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FIGURE 5-4 A child practicøs biowing out using a pinwheel before spirometry testing. 


The FVC maneuver performed during spirometry is 
composed of three major components: the deep breath, 
the initial biast, and exhaling until empty. The latter 
two, however, are inconsequential if the subject does 
not take a deep breath. Demonstrating test perfor- 
mance before testing can greatly enhance the success 
rate of getting results that represent the subject’s true 
lung function. The practitioner can use visual aids to 
help the child understand the test expectations. In 
Figure 5-4, the child uses a pinwheel to practice the 
technique needed for spirometry testing. This fun, in- 
teractive method demonstrates to the young subject the 
need for both a quick initial biast out and also to sus- 
tain “the blow” to keep the pinwheel spinning as long as 
possible. Some spirometers are integrated with comput¬ 
ers and have software with interactive incentive screens. 
These screens, through a variety of methods (e.g., biow¬ 
ing out candles on a cake), give feedback to the young 
child to biast hard and fast and keep biowing until 
completely empty. 

Following are the ATS-ERS acceptability criteria for a 
maneuver: 

Free from artifact 

Cough during the first second of exhalation 

Glottis closure that influences the measurement 

Early termination or cutoff 

Effort that is not maximal throughout 

Leak 

Obstructed mouthpiece 

Good start 

Extrapolated volume 5% of FVC or 0.15 L, whichever 
is greater 

Satisfactory exhalation 

Duration of 6 seconds (3 seconds for children 
younger than 10 years old) or 
• A plateau in the volume-time curve 


The maneuver is considered “usable” if there is no 
cough in the first second and/or glottis closure that influ- 
ence the measurementA Usable maneuvers typically un- 
derestimate the subject’s vital capacity, so usable variables 
would include peak flow, FEV 0 .s, and FEVj. 

The traditional volume-time spirogram (Figure 5-5) is 
used to calculate timed flows such as FEV X and FEF 2 s_ 7 s 
and measure the FVC. It is also used to assess the end- 
of-test criteria of reaching a plateau. 

Flow-Volume Loop 

The flow-volume loop and its specific measurements are 
shown in Figure 5-6. The flow-volume curve is useful in 
identifying the quality of the maneuver, and its shape can 
be characteristic of a specific disease process. One advan- 
tage to the flow-volume representation is its clear depic- 
tion of whether subjects exhale to RV or whether they 
terminate their effort prematurely (Figure 5-7). “Early 
termination” is assessed by how gradual flow approaches 
zero and the duration of the exhalation effort displayed 
on the volume-time graph. An example of early termina¬ 
tion is glottis closure which can be common in young 
subjects (Figure 5-8, B). Other acceptability indicators, 
such as cough in the first second (Figure 5-8, A) and 
excessive back extrapolation volume (Figure 5-8, C), are 
easily identified by the effect on the F-V curve. In addi¬ 
tion, the shape of a flow-volume loop may also be of 
value in determining extrathoracic and intrathoracic 
sources of airway obstruction. Flow-volume loops that 
demonstrate fixed airway obstruction show a plateau 
on both inspiratory and expiratory phases of the loop 
(Figure 5-9, A). Flow limitation on the inspiratory por¬ 
tion of the loop is characteristic of an extrathoracic 
obstruction (Figure 5-9, B). This is common in children 
with vocal cord dysfunction (VCD). Flow limitation 
on the expiratory part of the loop demonstrates an 
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Calculation of FEF 25 . 75 : 


1. Determine 25% and 75% of FVC 

2. Slope of line through 25% and 75% : 

(Vts) - (V 25 ) , 


(T 75 ) - (T 25 ) 


(L/sec) 


FIGURE 5-5 A normal standard volume-time spirometry graph 
depicting the forced vital capacity (FVC), fbrced expiratory volume in 
1 second (FEVj), and forced expiratory flow between 25% and 75% of 
vital capacity ( FEF 2 s- 7 s )■ 



Volume 

(L) 


FIGURE 5-6 Normal flow-volume loop showing both the expira¬ 
tory and inspiratory loops. The usual flow rates are identified. Note 
that no forced expiratory volume in 1 second ( FEV ,) is evident 
because there is no time axis. FEF S0 , Forced expiratory flow at 50% of 
vital capacity; FVC, forced vital capacity; PEFR, peak expiratory flow 
rate; RV, residual volume; TLC, total lung capacity. 



FIGURE 5-7 This expiratory flow-volume loop demonstrates the 
patient’s failure to exhale completely to residual volume (RV). This 
will artificial ly decrease FVC and increase FEF 50 . 


Volume (L) 















Flow(L/s) Flow(L/s) Flow(L/s) 
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FIGURE 5-8 Common acceptability errors in spirometry. A, Cough in the first second in one of four 
maneuvers; this will interfere with proper measurement ofFEV^ B, Early termination consistent with 
glottis closure in all three maneuvers; this will typically yield an underestimation of FVC. C, Excessive 
back extrapolation volume in two of the four performed maneuvers; this will cause an overestimation of 
FEV, in the affected maneuvers. 
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FIGURE 5-9 Flow-volume loops showing various forms of 
airway obstruction. A, Fixed obstruction; B, variable extrathoracic 
obstruction; C, variable intrathoracic obstruction. An easy 
mnemonic is What’s in is out, out is in. In other words, if it affects 
the expiratory loop, it is inside the chest (variable intrathoracic), 
and if it affects the inspiratory loop, it is outside the chest 
(variable extrathoracic). 

intrathoracic obstruction (Figure 5-9, C). A simple mne¬ 
monic for determining variable obstruction: “What’s in is 
out, what’s out is in.” In other words, a variable inspira¬ 
tory obstruction affects the expiratory portion of the F-V 
curve and a variable expiratory obstruction affects the 
inspiratory portion of the F-V curve . 2 

Some obstructions may also show a flutter, or irregular 
flow pattern, on either portion of the loop; this may be 
secondary to redundant tissue of the upper airway. 

Forced Vital Capacity, Forced 
Expiratory Volume, and the Flatio 

The most common measurements from spirometry in- 
clude the FVC, FEVj, and FEVi/FVC ratio. These mea¬ 
surements are reproducible for many disease States in 
adult patients, such as chronic obstructive pulmonary 
disease. Physiologists were concerned, however, that the 
FVC and FEVj might be relatively preserved despite the 
presence of moderately severe small airway disease, and 
thus significant lung disease might be missed by using 
only these measurements. Because small airways less 
than 2 mm in diameter contribute only a small part of 
the total lung resistance, 20 % or less, these tiny airways 
have been described as the “silent zone” of the lung. In an 
effort to measure their function more independently, 
without the large airway functions obscuring the mea¬ 
surements, the “maximal mid-expiratory flow rates” are 
calculated . 9 In current terminology, this is the FEF 2 s_ 7 s or 
the FEF S0 . 

Forced Expiratory Flow at 25% to 75% 
and at 50% of Vital Capacity 

Although the FEF 25-75 and FEF S0 have been supported as re- 
flecting the function of smaller airways, their measurement 


is considerably more variable than that of the FEVi or 
FVC . 5,12,25 This decreases their usefulness in distinguish- 
ing normal from abnormal and requires a considerably 
larger change to be considered physiologically signifi¬ 
cant, as opposed to just the normal variability found 
from one measurement to another . 5 In addition, if the 
child does not fully exhale to residual volume, FEF 2 s _75 
may be artificially elevated because of reduced vital 
capacity. 

Reference Values and Relevant 
Change 

To interpret the test results, the laboratory needs to select 
a reference set and know the variability and clinically sig¬ 
nificant change for the most common spirometric and 
lung volume measurements in children (Table 5-1). The 
ERS Global Lung Initiative (GLI) has established the 
“all-age” reference set down to the age of 3 and should 
be considered the preferred reference equations in this age 
range . 4 Furthermore, the interpreter should be aware of 
the effects associated with changes in vital capacity and 
expiratory time on mid-flow variables (e.g., FEF 2 S . 7 s) as 
they interpret these variables. Many childhood lung 
diseases, such as asthma and cystic fibrosis, have their 
roots in the distal airways; thus variables that are more 
sensitive, although more variable, may enhance the overall 
interpretation of the test. An abnormality isolated to the 
measurement of FEF 2 S _ 7 S or FEF S0 is uncommon but more 
likely in children than adults. Therefore, most pediatric 
PFT centers pay careful attention to this variable as an 
early indicator of obstructive disease. Figure 5-10 demon- 
strates the potential importance of these measurements in 
a child with asthma. 

Spirometry Values 

Spirometry values are commonly used to determine 
whether a disease has a restrictive or obstructive pattern. 
Table 5-2 demonstrates the expected changes with each 


TABLE 5-1 


Pulmonary Function Measurements in 

Variability 

Children 

Important Change 

Measurement 

(%) 

(%) 

FVC 

5-7 

>10 

FEV, 

8 

>15 

FEV q /FVC 

- 

- 

fef 25 . 75 

15 

>30 

FEF S0 

15 

>30 

TLC 

7 

>10 

RV 

7 

>10 

RV/TLC 

7 

- 


FEF 25 . 75 , Forced expiratory flow at 25% to 75% of vital capacity; 

FEFso, forced expiratory flow at 50% of vital capacity; FEV forced 
expiratory volume in 1 second; FVC, forced vital capacity; RV, residual 
volume; TLQ total lung capacity. 
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Predicted Prebronchodilator Postbronchodilator % Change 


FVC (L) 

0.89 

0.81 (91) 

0.78 (87) 

-3 

FEV, (L) 

0.87 

0.72 (83) 

0.78 (89) 

+8 

FEV, : FVC (%) 

95 

88 

100 


PEFR (L/sec) 

2.13 

1.78 (83) 

2.18 (102) 

+22 

FEF 50 (L/sec) 

1.66 

0.90 (54) 

1.53 (92) 

+70 


FIGURE 5-10 Prebronchodilator and postbronchodilator expi- 
ratory loops produced by a 5-year-old patient with asthma. The 
prebronchodilator curve is slightly concave with respect to the 
volume axis, which is not evident on the postbronchodilator 
curve. The FEF S0 is the only prebronchodilator measurement be- 
low the expected normal range of variability; it increased by 70% 
after bronchodilator therapy. FEF ;o , Forced expiratory flow at 50% 
of vital capacity; FEV U forced expiratory volume in 1 second; 
FVC, forced vital capacity; PEFR, peak expiratory flow rate. 


TABLE 5-2 


Characterization of Obstructive and Restrictive Patterns 
in Pulmonary Function Testing 


Measurement Obstructive Restrictive 


FVC 

Normal or decreased 

Decreased 

FEV, 

Decreased 

Decreased 

FEV,/FVC 

Decreased 

Normal or increased 

TLC 

Normal or increased 

Decreased 

RV 

Increased 

Normal or decreased 

RV/TLC 

Increased 

Normal or increased 


FEV,, Forced expiratory volume in 1 second; FVC, forced vical capacity; 
RY, residual volume; 77.C, total lung capacity. 


pattern. The primary difference is whether the FEVr/FVC 
ratio is decreased or preserved. The most common chronic 
diseases in children—asthma, cystic fibrosis, and broncho- 
pulmonary dysplasia—are obstructive. Obstructive dis¬ 
eases produce a concave shape or scoop to the flow- 
volume curve (Figure 5-11, C). Most restrictive defects in 
children are related to an abnormal chest wall configura- 
tion or neuromuscular weakness rather than to interstitial 
fibrosis, as seen in adults. Caution must be used in describ- 
ing restrictive lung disease on the basis of spirometry 
alone, because complete lung volumes are not measured. 
If the child did not take a deep breath, the FVC will be 
artificially decreased and mimic the restrictive pattern. 
Therefore, if restrictive lung disease is a concern, consider 
performing one of the lung volume studies described in 
the next section. The restrictive pattern is typically charac- 
terized by preserved flows with a reduction in the volume. 
This produces a visual pattern that has been described as a 
“witch’s hat” (Figure 5-11, S) 2 

Diffusing Capacity 

The diffusing capacity of the lung (Dlco) assesses the 
functionality of the alveolar-capillary interface. A reduc¬ 
tion in the Dlco might indicate problems with perfusion 
of the pulmonary capillary bed, bleeding within the lung, 
or thickening of the alveolar-capillary membrane. Abnor- 
malities in Dlco may reflect pathological changes in the 
lung and are often correlated with outcome. 26 Indications 
for testing in the pediatric population that may produce a 
reduced Dlco include pulmonary fibrosis (primary disease 
or secondary to radiation treatment or chemotherapy), im- 
munological disorders (scleroderma, systemic lupus ery- 
thematosus), bronchiolitis obliterans, pulmonary edema, 
and hematological disorders. An abnormally high Dlco 
may be seen in pediatric patients with acute hemorrhage- 
nous bleeds, such as pulmonary vasculitis. 2 The single- 
breath Dlco procedure requires subjects to hold their 
breath for 8 to 12 seconds, which may be challenging for 
the very young. In addition, traditional testing routines 
require minimal washout (500 ml) and sample analysis 



FIGURE 5-11 Patterns in flow-volume loops. A, Normal; B, restrictive (also known for its characteristic 
“witch’s hat” shape); C, obstructive (concave). 
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volumes (500 ml), which may eliminate some children 
from testing. 2 Some Dlco systems have rapid analyzer 
technology that lets the technologist identify when dead 
space has been cleared and allows testing in subjects with 
a vital capacity less than 1 L. Dlco has been successfully 
performed on young children; however, as with all pulmo¬ 
nary function testing, it depends on the subject’s matura- 
tion rather than their age. Reference values have been 
established in the pediatric subjects. 28 Kim and colleagues 
published regression equations in healthy Caucasian 
children ages 5 to 19. 29 

Lung Volumes 

In contrast to the relative simplicity of spirometry, lung 
volume measurements are somewhat more involved and 
more difficult to perform. They include FRC, RV, TLC, 
RV/TLC ratio, and TGV. With the child sitting, the same 
techniques described earlier are used to measure lung 
volumes. These methods include helium dilution, nitro¬ 
gen washout, and body plethysmography. 29,30 ' 32 

Helium Dilution Method 

The helium dilution method of calculating FRC measures 
only the gas that is in direct communication with the 
central airways. Flelium dilution is described as the closed 
circuit technique as the subject rebreathes within a closed 
system (typically a bag). This technique uses the principle 
that the concentration of a gas in one volume is propor¬ 
tional to the concentration of that same gas in another 
volume, provided there is no production or consumption 
of the measured gas. Therefore, knowing the concentra¬ 
tion of the gas inside the lungs and outside, as well as 
knowing the external volume, allows calculation of the 
lung volume. The volume of gas in the lung at end expira- 
tion (FRC) mixes and equilibrates with a known amount 
and concentration of helium (usually 5% to 10%) in a 
closed breathing circuit. The challenge for the young child 
is keeping a tight seal on the mouthpiece during the test 
because any leak will make the results invalid. The child 
breathes on the test system until helium equilibration 
is achieved. Helium equilibration is considered to be 
complete when the change in helium concentration 
is 0.02% for 30 seconds. :l Testing time is typically less than 
3 minutes but can last up to 10 minutes in a subject with 
severe airway obstruction. 

Nitrogen Washout Method 

The nitrogen washout method of calculating FRC also 
measures only the gas that is in direct communication 
with the central airways. Nitrogen washout is described 
as the open circuit technique because the subject’s air is 
measured and expelled from the system. The child 
breathes 100% oxygen for up to 7 minutes via a mouth¬ 
piece, which displaces nitrogen in the lungs. The circuit 
must have no gas leaks. The system measures the volume 
of nitrogen washed out of the lungs. On the basis of the 


starting alveolar concentration of nitrogen, the computer 
uses a regression equation to calculate the volume of air 
in the lungs at end expiration, which is the FRC. 2 

Plethysmography 

Body plethysmography requires that the patient sit in an 
airtight acrylic glass box, commonly called a body box. 
There are three types of body plethysmographs: volume, 
flow, and pressure. Most of the currently available 
body boxes are the latter, which uses a constant-volume, 
pressure-variable technique (Figure 5-12, A). 31 During 
constant-volume body plethysmography, the child volun- 
tarily pants against a closed shutter (Figure 5-12, B ). Using 
Boyle’s law, the change in pressure against the closed 
shutter attached to a pneumotachometer is used to calcu¬ 
late a volume measurement, the TGV. TGV is measured at 
a known FRC value rather than on the basis of assumed 
values. TLC, the inspiratory capacity, is obtained by 
spirometry and added to the FRC. To calculate the RV, the 
expiratory reserve volume is subtracted from the FRC 
(Figure 5-13). In addition to measuring lung volumes, 
body plethysmography measures resistance and specific 
conductance. 

Several potential errors are common when children per¬ 
form these tests. If they are uncomfortable and anxious, 
pediatric patients may breathe at a slightly higher lung 
volume. If they are unable to start spirometry at TLC or 
exhale to RV, the values of inspiratory capacity and expira¬ 
tory reserve volume will be incorrect. Therefore it is impor- 
tant to demonstrate the maneuver and make the child 
completely comfortable and relaxed. 

Lung volume measurements are most useful in reveal- 
ing restrictive lung diseases, in which they are decreased. It 
is critical to determine whether the lung volumes are 
smaller than expected because of a musculoskeletal prob¬ 
lem (e.g., scoliosis and kyphosis), muscle weakness (e.g., 
Duchenne’s muscular dystrophy and spinal muscular 
atrophy), or lung parenchymal disease (e.g., idiopathic 
pulmonary fibrosis). If it can be established that the 
patient’s FVC as measured by spirometry correlates well 
with the TLC as measured on the basis of lung volumes, 
spirometry may be sufficient for most patients’ follow-up. 

In addition to lung volumes, measuring maximal inspi¬ 
ratory and expiratory pressures helps assess overall respira- 
tory muscle strength and augments volume measurements 
when assessing patients with muscle weakness. 

Airway Resistance. The body plethysmograph also 
allows the measurement of airway resistance (Raw) and the 
volume-associated parameters of specific airway resistance 
(sRaw) and conductance (sGaw). Raw is the pressure differ¬ 
ence per unit flow as gas flows into or out of the lungs. The 
reciprocal of airway resistance (1/Raw) is conductance 
(Gaw). If obtained during lung volumes, the derivation of 
sRaw and sGaw can be calculated. Because some patients 
have changes in sGaw without changes in FEVj or FVC 
after a bronchodilator, and such changes are thought to be 
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FIGURE 5-12 A, Th ree different vendor body plethysmographs. (Courtesy CareFusion, nSpire, and 
MGC Diagnostics.) B, Child supporting cheeks, panting, while performing lung volumøs using a 
body box. 



FIGURE 5-13 G raphic display of a simple spirogram depicting the 
subdivisions of lung volumes and capacities. TLC, total lung capacity; 
VC, vital capacity; RV, residual volume; IC, inspiratory capacity; FRC, 
functional residual capacity; IRV, inspiratory reserve volume; ERV, expira- 
tory reserve volume; Vt, tidal volume. 
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clinically significant, measuring bronchodilator response 
by sGaw may be more sensitive than relying on spirometry 
indices only, although a change of 35% to 40% is required. 
The measurement may also be helpful in pediatric subjects 
who cannot perform acceptable spirometry. Reference values 
have been published in children for ages 3 to 10 years. 33 

Impulse Oscillometry 

Impulse oscillometry (IOS), also referred to as the forced 
oscillation technique (FOT), is a method to evaluate 
airway caliber using a miniature loudspeaker to produce 
oscillations within the airway (Figure 5-14, A). The pres¬ 
sure oscillations generated are of two types: those in phase 
with airflow, termed resistance (Rrs), and those “out of 
phase” with airflow, termed reactance (Xrs). Impulse oscil¬ 
lometry is a simple test that does not require the active 
cooperation of the child, and studies have shown IOS can 
be performed successfully in 3- to 6-year-olds with asthma. 34 
Typical measured frequencies include 5, 10, 15, and 
20 hertz (Hz), and reference equations have been published 
in children. 4 Current guidelines State that technologists/ 
therapists can achieve competency after 10 to 15 supervised 
tests where they learn to recognize patient and technical 
problems that can occur during testing. 3 For this proce¬ 
dure the child should be seated, wear a nose clip, and 
firmly support the cheeks and mouth floor. The child is 
then instructed to breathe calmly and avoid obstructing 
the mouthpiece with his or her tongue. We have found 
that practice tests and sometimes distracters, such as a 
movie, can assist in achieving quiet tidal breathing in the 
young subject (Figure 5-14, B). The data acquisition should 
cover several breathing cycles, typically lasting 10 to 
20 seconds. IOS can be used to assess bronchodilator with 
cut points ranging from a 10% to 30% decrease in Rrs5. 


Response to methacholine using IOS has been described. 
In one study an Rrs5 increase of 45% compared with the 
baseline showed the optimal combination of sensitivity 
and specificity (0.72 and 0.73, respectively). 35 


Bronchial Provocation (Challenge) 
Testing 

Challenge testing, also known as bronchial provocation, 
may be used in documenting bronchial hyperreactivity. 2 > 6 > 36 - 38 
This can help solidify the diagnosis of hyperreactive airway 
disease, or asthma, in a patient whose symptoms may not 
be typical of asthma. Alternatively, for the patient who 
has symptoms that might mimic asthma, the lack of 
bronchial oversensitivity may help initiate the search for 
an alternative explanation. Bronchoprovocation tests 
are classified as direct or indirect, based on their mecha- 
nism of action. Common agents such as histamine and 


CLINICAL HIGHLIGHT 


Impulse Oscillometry 

The patient is a 4-year-old giri with a history of coughing 
and wheezeing. Current height is 109.4 cm; weight is 20 kg. 
Currently she is taking the following medications: 

• Albuterol 0.083 % nebulized solution, 3 ml by inhalation 
every 4 hours as needed 

• Flovent HFA 44 mcg/actuation aerosol, 2 puffs by inha¬ 
lation two times a day 

Her impulse oscillometry results were as follows: 

Airway Post- Percent 

Reactivity Baseline bronchodilator Change 

R5Hz 1.28 0.87 -32% 

(kPa/L/sec) 



FIGURE 5-14 Components of the impulse oscillometry apparatus. A, A loudspeaker generates flow 
signals consisting of many pulsations. These pulsations are delivered to the mouth while mouth pressure 
(P) and flow ( V) are measured. The computer then calculates resistance (R) and reactance ( X ). 
B, A 5-year-old boy performing IOS. Patient is using a nose clip, supporting the cheeks, and making a 
tight seal with the lips at the mouthpiece of the IOS apparatus. The therapist uses a movie as a distracter 
during the test procedure so the young boy breathes calming throughout the data acquisition period. 
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methacholine act directly on the smooth muscle cells of 
the airways to cause bronchoconstriction and airway 
hyperresponsiveness (AHR). Indirect bronchoprovocation 
tests, such as mannitol and adenosine monophosphate 
(AMP), act through inducing the release of bronchocon- 
stricting mediators. Another indirect test such as hyper¬ 
ventilation, either at rest or during exercise, results in heat 
and water loss from the airway, which provokes a broncho- 
spasm in susceptible patients. 

Methacholine and mannitol are two very common in¬ 
halation challenge agents that have well-described proto- 
cols. 2 In methacholine testing, a test is considered positive 
if the FEV, falls more than 20% from baseline. 3,37,38 The 
concentration of the challenge drug is used as a marker of 
the degree of bronchial reactivity and is called the PD20, 
the provocative dose that produces a 20% fall in FEV,. For 
example, a patient with highly reactive asthma may have a 
fall in FEV, of 20% with a methacholine concentration of 
0.25 mg/ml. A patient with mild asthma may experience a 
20% fall in the FEV, at 10 mg/ml. In mannitol testing a 
15% decline in FEV, is considered a positive response. 

Antigen inhalation is infrequently used as a challenge 
because of the difficulty in quantifying the dose of antigen 
to administer. Furthermore, antigen inhalation carries the 
risk of a late-phase reaction 6 to 8 hours after the chal¬ 
lenge, at which time the patient is unlikely to be near a 
medical facility for therapeutic intervention. 

Many laboratories have used exercise as a challenge. 
Unfortunately, because the primary driving forces for 
bronchoconstriction appear to be lack of humidity and 
low air temperature, an exercise challenge in the typically 
temperature-controlled pulmonary function laboratory 
may not be provocative. This has led some investigators to 
use hyperventilation while having the patient breathe cold 
air, without exercise, as the provocation test. 

The Clinical Highlight on page 78 shows a positive 
methacholine challenge test in a 7-year-old giri evaluated 


for a chronic cough. This positive study led to therapy for 
asthma and ultimately resolved her cough. Interestingly, 
her previous spirometric measurements were normal and 
showed no improvement after bronchodilator therapy. 
The responses to exercise and cold air are measured by the 
duration of the challenge as well as the work performed 
during the exercise test. If other test parameters are used, 
such as the peak expiratory flow rate or specific Raw, dif- 
ferent critical levels of positivity are used. 

Cardiopulmonary Exercise Test 

Cardiopulmonary exercise testing (CPET) is performed 
in the pediatric age group to evaluate symptoms that only 
occur during exercise or as a more general assessment of 
the subject’s exercise tolerance in specific disease States. 2 
The American Heart Association (AHA) has published 
guidelines on CPET in the pediatric age group and lists the 
common reasons for testing. 3 ' 1 Box 5-1 expands on the 
AHA reasons to include specific disease States that might 
necessitate evaluation using CPET. 

Current technology and testing devices easily adapt to 
the young subject. Cycle ergometers typically used in pedi¬ 
atric testing can be modified to varying body sizes using 
saddle height, crank-shaft length, and handlebar adjust- 
ments (Figure 5-15). This allows testing in subjects 
as young as 5 years of age. Ventilatory and metabolic 
responses to exercise can be assessed using small, close- 
proximity pneumotachometers, which can be positioned 
using mouthpieces or mask adaptations. Traditional 
measurements of electrocardiogram and biood pressure 
responses can be correlated to responses in oxygen con- 
sumption (Vo 2 ), minute ventilation (Ve), and other meta¬ 
bolic derivatives to evaluate exercise tolerance, ventilatory 
limitation, and inappropriate breathing strategies. The 
physiological responses to exercise are well defined in the 
pediatric age group but are beyond the scope of this chap- 
ter. : The Clinical Highlight on page 80 demonstrates the 


CLINICAL HIGHLIGHT 


Positive Methacholine Challenge in a 7-Year-Old Giri with Chronic Cough 



Methacholine 


Pulmonary Function 


Concentration 

(mg/ml) 

Cumulative 

Dose (mg/ml) 

FVC (L) 

FEV, (L) 

Percent Change in FEV, 

Saline 

Methacholine 

0 

1.51 (83% predicted) 

1.4 (82% predicted) 

- 

0.025 

0.125 

1.51 

1.38 

-1% 

0.25 

1.375 

1.64 

1.53 

+ 9% 

2.5 

13.875 

1.54 

1.39 

-1% 

10 

63.875 

1.33 

1.07 

-24% 

Albuterol 

— 

1.41 

1.26 

-10% 


FEV ly Forced expiratory volume in 1 second; FVC, forced vital capacity. 

*In a methacholine challenge test, the patient first breathes aerosolized saline (as a baseline), followed by a breathing test. The subject then takes five 
breaths of methacholine at a low concentration, followed by another breathing test. The process continues with increasing concentrations of metha¬ 
choline until there is a 20% change in lung function or the maximal amount of methacholine has been inhaled. Albuterol, a bronchodilator, is then 
administered to help open the airways. 
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Box 5-1 


Common Reasons for Pediatric Exercise Testing and Specific Clinical Applications 


Evaluate specific signs and symptoms induced by exercise 
Assess or identify abnormal responses to exercise 
Assess efficacy of specific medical or surgical treatments 
Assess functional capacity for athletic and vocational activities 
Evaluate prognosis 

Establish baseline data for rehabilitation 

SPECIFIC CLINICAL APPLICATIONS 

• Cardiac disorders 

• Aortic stenosis 

• Cardiomyopathy 

• Tetralogy of Fallot, Ebstein’s anomaly 

• Coarctation of the aorta 

• Prolonged QT syndrome 

Adapted from Paridon SM, Alpert BS, Boas SR, et al. Clinical stress testing in the pediatric age group: a statement from the American Heart 
Association Council on Cardiovascular Disease in the Young, Committee on Atherosclerosis Hypertension, and Obesity in Youth. Circuldtion 
2006;113:1905-1920. 


Pulmonary 

• Asthma 

• Cystic fibrosis 

• Chest wall (e.g., pectus excavatum) 

• Vocal cord dysfunction 
Others 

• Obesity 

• Neuromuscular disease 

• Exercise-induced syncope (e.g., postural orthostatic 
tachycardia syndrome [POTS]) 



FIGURE 5-15 A, A cycle ergometer with adjustable pedal crank shafts to test smaller size patients. 
B, An 8-year-old child on a cycle ergometer with a face mask interface to a pneumotachometer to 
measure exhaled air. 


use of the test in evaluating a teenage subject with symp¬ 
toms during exercise. 

The subject exercised on a cycle ergometer to a maxi¬ 
mal workload of 160 watts. This appeared to be a maximal 
exercise test based on heart rate criterion. The subject 
has normal exercise tolerance with a maximum oxygen 
consumption (Vo 2 max) of 83% predicted. The heart rate 
and biood pressure response were within the normal 
range, and the electrocardiogram did not show any signs 
of arrhythmia or ischemic changes. Minute ventilation 
increased to 74 L/min. There was no evidence of ventila- 
tory limitation (VE/maximum voluntary ventilation), 
although she used an inappropriate breathing strategy 


with small tidal volumes (Vt/FVC 33%) and higher 
breathing frequencies to increase her minute ventilation. 
Gas exchange assessed using pulse oximetry was normal 
(Spo 2 98%). Flow-volume loops obtained during CPET 
also demonstrated an improper breathing strategy, with 
the subject moving up in lung volumes during exercise 
and also showing evidence of variable extrathoracic ob¬ 
struction (truncation and up-sloping inspiratory curve) 
suggestive of vocal cord dysfunction (VCD). The subject 
did exhibit audible stridor at peak exercise. The inter¬ 
pretation was that she had normal exercise tolerance 
with evidence of VCD and inappropriate breathing 
strategy. 
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CLINICAL HIGHLIGHT 


The patient is a 14-year-old giri. She is an athlete who participates in cross-country running and figure skating. 

History of present illness includes a 1-year history of dyspnea. The patient reports that “I can’t catch my breath” with activity. 
She had been treated empirically with albuterol but still complained of her symptoms. 

• Medications: Albuterol 2 puffs before activity 
Current evaluation included the following: 

• Methacholine challenge: negative 

• Exhaled nitric oxide: 10 ppb 

A cardiopulmonary exercise test was ordered to further evaluate her symptoms, which occur with exercise. 

CPET Results 


Exercise 


Rest 

Maximum 

Predicted 

Percent Predicted 

Workload 

watts 


160 

190 

84 

Time 

min:sec 


12.3 



Sp0 2 

% 

98 

98 



Vo 2 

L/min 

0.384 

1.945 

2.331 

83 

Vo 2 /kg 

ml/kg 


32 



R 

Cardiac Function 


0.75 

1.00 



Heart rate 

bpm 

58 

191 

199 

96 

Biood pressure (cuff) 

mmHg 

100/64 

146/60 

170/88 

86/68 

Oxygen pulse 

Ventilation 

Vo 2 /HR 

7 

10 

11 

91 

Minute ventilation 

L/min 

11.9 

74.2 

160.0 

46 

Respiratory rate 

per min 

10 

45 



Tidal volume 

L 

0.367 

1.650 



Vt/FVC 

% 


33 

45-50 



HR, Heart rate; Spo 2 ,oxygen saturation by pulse oximetry; Vo 2 , oxygen consumption; Vt/FVC, tidal volume/forced vital capacity ratio. 





Exhaled Nitric Oxide 

Exhaled nitric oxide (eno) is a biomarker of airway in¬ 
flammation and is a simple and noninvasive test for 
diagnosing and monitoring asthma in children. The 
fraction of nitric oxide (Feno) can be measured with 
either a chemiluminescent or electrochemical analyzer 
and is reported in parts per billion (ppb). Analyzers can 
be integrated with data acquisition software, which al- 
lows for incentive programs to help the child maintain 


the required flow, pressure, and duration of each ma- 
neuver (Figure 5-16). The child should refrain from 
eating or drinking (except water) for 2 hours before test¬ 
ing. “Because spirometric maneuvers have been shown 
to transiently reduce exhaled NO levels, it is recom- 
mended that eno analysis be performed before spirom- 
etry.” 40 According to current interpretation guidelines, 
a value greater than 35 ppb in children can be used to 
indicate that eosinophilic inflammation is present; in 
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FIGURE 5-16 A, Therapist actively assisting a 5-year-old boy in successfully performing an øxhaled 
nitric oxide test. B, Therapist passively coaching an 8-year-old giri using an incentive program. 


symptomatic patients, there is a high likelihood the child 
will respond to inhaled corticosteroids. 41 

MEASURING PULMONARY 
MECHANICS AT THE BEDSIDE 

Tidal Volume 

Tidal volume (VT) is the gas volume (in milliliters) in¬ 
haled and exhaled during each resting breath. Often Vt 
is indexed to body weight and reported as milliliters per 
kilogram (ml/kg). Some PFT systems report inspired 
and expired Vt values separately, whereas some combine 
the two values. Infants in a neonatal intensive care unit 
may not normally inhale the same volume as they exhale 
for any given breath. This is visible in flow-volume (F-V) 
and pressure-volume (P-V) loops that are not closed. 
Typically, an average of at least 10 resting breaths is a 
better method of reporting Vt. Infants receiving posi- 
tive-pressure ventilation may have a gas leak around the 
uncuffed endotracheal tube. In this case, it is more 
accurate to report expired Vt. Some PFT systems report 
leakage as a percentage of exhaled to inhaled Vt, which 
is helpful in determining the delivered effective tidal 
volume. A system used for ventilator patient manage¬ 
ment should report Vt values for spontaneous and 
ventilator-delivered breaths separately. 42 

Respiratory Frequency 

Most PFT systems report respiratory frequency, or rate, as 
breaths per minute. If the child or infant is intubated and 
receiving mechanical ventilation, the system should report 
spontaneous and ventilator breaths separately. Often, 
increased respiratory frequency is one of the first signs of 
reduced compliance, increased resistance, or fatigue. 

Minute Ventilation 

Minute ventilation is the volume of gas inspired and 
expired each minute by the infant or child. It is reported 


as liters per minute (L/min) or as liters per minute per 
kilogram (L/min/kg) of body weight and is the product 
of Vt and respiratory frequency. Viewing spontaneous 
and ventilator-delivered breathing separately or as a 
fraction of the total minute volume indicates the me¬ 
chanical contribution of ventilation. This is helpful in 
assessing progress in weaning of a patient from assisted 
mechanical ventilation. 

Rapid Shallow Breathing Index 

The rapid shallow breathing index (RSBI) is a value 
that integrates two variables to determine the efficiency 
of tidal breathing. The RSBI is the ratio of spontaneous 
respiratory rate to Vt: Divide the respiratory rate by Vt 
(in liters) to calculate the index. A calculated value less 
than 100 to 105 is predictive of a successful extubation 
in adults. 43,44 The RSBI has less predictive value when 
applied to children and infants. 45 ' 47 Factors such as age, 
endotracheal tube size, agitation, sedation, and duration 
of mechanical ventilation all contribute to the success of 
extubation and the usefulness of the RSBI as a pediatric 
weaning tool. The RSBI can be a useful tool in evaluating 
relative increases or decreases in work of breathing and 
monitoring an infant before and after extubation. For 
infants and pediatrics, normalize the RSBI equation for 
body size by dividing the Vt by weight. The resulting 
unit of measure becomes breaths per milliliter per kilo¬ 
gram and allows easier comparison among the various 
measurements. 43, 46,48 Because of the range of normal 
respiratory rates and tidal volumes, no single RSBI 
value will predict extubation success in the pediatric 
population. 

Inspiratory and Expiratory Times 

PFT systems measure inspiratory and expiratory times 
(Ti and Te) by gas flow. The reported values will be different 
from the set, or duty cycle, times of a mechanical ventilator. 
Some systems also calculate the inspiratory-to-expiratory 
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Ti/Te ratio or inspiratory time percent (Ti/Ttotal) from 
measured time. 

Lung Compliance 

At the bedside, compliance (C) is measured by the same 
technique as in the PFT laboratory. When making bedside 
measurements, it is important to know the compliance 
test conditions to interpret the meaning of the reported 
value. Specific lung compliance describes compliance when it 
is measured at a known level of total lung volume. When 
measuring compliance under static conditions by airway 
occlusion, compliance is similar to the value derived in the 
laboratory and assesses Crs. Dynamic lung compliance 
(Cdyn) is measured during resting tidal breathing and is 
affected by Raw. 

There are some limitations to Cdyn measurement. This 
value reflects true compliance only when measuring trans- 
pulmonary pressure during spontaneous breathing with 
an esophageal catheter. Most centers do not routinely 
place an esophageal catheter for ventilator management 
studies. Instead, if the graph demonstrates that gas flow 
reaches zero at the end of inspiration and expiration, it is 
assumed that pressure has equalized from the proximal 
airway to the lungs. Compliance varies at different points 
of total lung volume, which is usually unknown during 
dynamic testing. 

Airway Resistance 

During bedside testing, the best evaluation of Raw also uses 
transpulmonary pressure measurements. A high Raw value 
is visualized on the P-V loop, described later, as a bowing 
out of the curve from the line of idealized compliance, or 
slope of the curve. The presence of an endotracheal tube 
with a small inner diameter is an airway obstruction causing 
Raw to be high. Changes in mechanical ventilator settings 
greatly affect Raw values, as do airway impairments such as 
secretions, bronchospasm, and edema. Bedside measure¬ 
ments of Raw usually preclude techniques used in the labo¬ 
ratory and are derived from the passive occlusion technique. 


Time Constants 

Respiratory time constants, tau (t), are the mathemati- 
cal product of compliance and resistance expressed as 
seconds, because all the units of pressure and volume 
measurement cancel out except time. A time constant is 
an interval over which a given change occurs, as a per- 
centage of total change. Three time constants are 
required to reach 95% of inflation or exhalation. Ti, or 
inflation time, and Te should be at least three times the 
respiratory time constants for optimal inspiration or 
expiration to occur. 49 

Pressure, Flow, and Volume over 
Time 

Most infant PFT systems graphically display measured 
airway (or transpulmonary) pressure, inspired and expired 
gas flow rates, and Vt on appropriate scales over a horizon- 
tal time axis on screen as the data are collected by the 
computer. This type of graphic display is also a component 
of most neonatal mechanical ventilators. Figure 5-17 
shows a scalar tracing of pressure, flow, and volume over 
time. Pressure (Figure 5-17, top tracing) is either transpul¬ 
monary pressure or airway pressure measured at the endo¬ 
tracheal tube connection with the ventilator circuit. Gas 
flow at the airway (Figure 5-17, middle tracing) shows the 
inspiratory flow rate as a downward deflection and the 
expiratory flow rate as an upward deflection, with the cen¬ 
ter line being zero flow. Vt (Figure 5-17, bottom tracing) 
portrays inspiration as upward, with a return to the base¬ 
line as volume is exhaled. The vertical dashed lines delin- 
eate the change from inspiration to expiration for each 
breath. Breaths are numbered from left to right; 1, 2, 4, and 
5 are mechanically ventilated. Breath 3 is a spontaneous 
breath, with a lower Vt than the ventilator-delivered 
breaths. 

Flow-Volume Loops 

During bedside testing, F-V loops are typically generated 
during tidal breathing. 32,50 The peak of expiratory flow 



Seconds 


FIGURE 5-17 Tracing of pressure, flow, and volume over time (in seconds). Exp, Expiration Insp, inspiration. 
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normally occurs within the first one third of expiratory 
volume. F-V loops that show decreased flow with relatively 
normal volume indicate an obstructive process in the air- 
ways; loops with decreased volume and normal flow sug¬ 
gest a restrictive disorder. 

Pressure-Volume Loops 

Graphically displaying a tidal breath with pressure 
change (airway or transpulmonary) on the horizontal 
axis and volume on the vertical axis also forms a loop. 
Spontaneous breathing is evidenced by a negative pres¬ 
sure change, and mechanical ventilator breaths display 
pressure in the positive direction. If the action of inhala¬ 
tion had only the elastic forces of lung tissue to over- 
come, the P-V graph would not be a loop but rather a 
straight line between the beginning and end points of 
inspiration (the dashed line in Figure 5-18). The P-V loop 
bows out from that line of pure compliance, mostly be- 
cause of pressure needed for gas flow through narrow, 
resistive airways. The loop meets the line of ideal compli¬ 
ance at the end points of a tidal breath, where gas flow is 
zero. The slope of the line, and of the loop as a whole, 
depends on compliance. The more compliant the lung, 
meaning less pressure needed for normal Vt, the more 
vertical the P-V loop appears. 

Lung Overdistention 

Ventilator-induced lung injury and pulmonary barotrauma 
are major complications of positive-pressure ventilation in 
all patient populations. Applying excessive distending air¬ 
way pressures results in a characteristic distortion in the 
appearance of the normal P-V loop (Figure 5-19). To visual- 
ize this, imagine biowing up a balloon. At first it is necessary 
to blow hard (i.e., apply a large amount of pressure) to get 
any volume into the balloon. It then seems easier to push 
additional volume into the balloon as it expands. Finally, as 
the balloon reaches its expansion limit—that is, starts to 
overdistend—it again becomes more difficult to blow up. In 
other words, the compliance of the balloon or lung changes 
with total volume. 



A Pressure (cm H 2 0) 



FIGURE 5-18 Pressu re-volume loops demonstrating normal 
and decreased lung compliance. A, Normal lung compliance; 
B, decreased lung compliance. 



FIGURE 5-19 Pressure-volume loops demonstrating overdis¬ 
tention. Note the “penguin” or “bird’s beak” appearance in the 
shape of the loops. These loops demonstrate idealized slopes 
(i dashed lines) for change in compliance for the entire breath (C) 
and change in compliance in the last 20% of inspiratory pressure 
(C20). The C20:C ratio identifies lung overdistention. 


Applying additional pressure to an overdistended 
lung produces little or no increase in delivered volume 
and is hazardous to the patient. Lung overdistention is 
quantified by comparing compliance change in the last 
20% of inspiratory pressure (C20) with compliance 
change for the entire breath (C), in the ratio C20/C 
(see Figure 5-19). A C20/C value less than 0.8 indicates 
lung overdistention during mechanical ventilation. Gas 
exchange can be improved in mechanically ventilated 
neonates with lung overdistention by reducing peak 
inspiratory pressure.'’ 1 

Work of Breathing 

The calculated work of breathing is determined as the 
integral of esophageal pressure for a given tidal volume 
and reflects the amount of energy required by the patient 
to breathe. Work of breathing is usually indexed to body 
weight, reported as grams-centimeters per kilogram 
(g-cm/kg) or as joules per liter (J/L). Work of breathing 
measurements has proven particularly useful when evalu- 
ating new ventilator techniques and response to various 
therapies. 

Other Bedside Tests 

Other common pulmonary function measurements per- 
formed at the bedside are vital capacity, peak expiratory 
flow rate, and maximal inspiratory pressure, often re- 
ferred to as negative inspiratory force (NIF). These mea¬ 
surements require a respirometer or pneumotachome- 
ter, a peak flow meter, and an NIF meter. The values are 
helpful in a variety of clinical situations, including 
weaning from mechanical ventilation, evaluating neuro- 
muscular disorders such as myasthenia gravis or muscu- 
lar dystrophy, and evaluating treatment for reactive 
airways. 

Each of these measurements depends on patient co- 
operation and effort, which makes it challenging with 
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children and prevents their use for infants. Pediatric 
patients may need to be more than 4 or 5 years of age to 
perform some of these tests because of equipment limi- 
tations. Also, the child must be able to understand the 
instructions and use the correct technique to perform 
the tests. Thoroughly explain the technique for each ma- 
neuver and provide a chance for practice before actually 
collecting the data. It is imperative that clinicians record 
their impression of the child’s understanding and effort 
with the actual measurements. 

Vital Capacity 

VC is the maximal amount of gas that can be expired 
after a full inspiration. The patient inhales to TLC and 
then exhales completely through a respirometer or other 
measuring device. VC values are effort dependent, and 
the child must cooperate completely when asked to per¬ 
form the maneuver. Incomplete effort will result in 
an artificially low value, which may lead to misdiagnosis. 
Forced vital capacity differs from VC in that during 
the FVC maneuver the patient exhales as forcefully and 
rapidly as possible after a maximal inspiration. FVC 
is usually the same as a slow VC, except in patients 
who experience airway collapse with rapid, forceful 
expiration. 

Peak Expiratory Flow Rate 

PEFR is the maximal achievable flow during a rapid, 
forced expiration. The PEFR is used primarily to monitor 
patients with hyperreactive airways. It is generally mea- 
sured with handheld devices that sense flow against a 
turbine, through a variable orifice, or against a spring- 
loaded diaphragm. With increasing flow rates, an indica- 
tor advances linearly on a scale that reveals the PEFR, 
usually as liters per minute. Note that the PEFR on the 
F-V loop measures the same function as the peak flow 
meter, air flow in the large airways, but reported as liters 
per second. The PEFR measurement made during the re- 
cording of an F-V loop is an actual measurement of air 
flow. Because the handheld peak flow meter measures 
only the inertia from the initial biast of air, the value is 
not identical to the value reported during an F-V loop 
measurement. 

Portable peak flow meters are used extensively in the 
study and management of patients with asthma. A sig- 
nificant decrease in the individual’s baseline PEFR may 
indicate worsening asthma and the need for therapeutic 
interventions. In addition, measuring PEFR before and 
after bronchodilator administration evaluates the effec- 
tiveness of the therapyd 2 

Portable hånd held models are inexpensive and easy 
to use at home, at school, or in an office. When using 
hånd held peak flow meters, care must be taken to avoid 
partial occlusion of the flow exit orifice during exhala- 
tion. Partial occlusion decreases the amount of flow 
required to raise the flow indicator, resulting in over- 
estimation of PEFR. This measurement can also be 


erroneously high if the patient uses a “spitting” action 
during exhalation. 6,53 

Maximal Inspiratory Pressure 

Maximal inspiratory pressure, also called negative inspira¬ 
tory force, is the maximal negative pressure, expressed as 
centimeters of water, generated during inspiration against 
an occlusion. Connect the patient’s airway to an inspira¬ 
tory pressure gauge with an adapter that allows occlusion 
of the airway during inspiration. Instruct the patient to 
exhale and then occlude the airway while the patient 
inhales with maximal effort, which results in measuring 
the maximal negative pressure. 

MIP is an important measure to help differentiate 
weakness from other causes of restrictive lung disease. It 
can be an important differentiating point for children 
and young adults with various neuromuscular diseases. 
These patients usually have a combination of scoliosis 
and muscle weakness, both of which might contribute to 
reduced lung volumes. Measuring MIP helps in determin- 
ing how much reduction might be caused by weakness. 
Because many neuromuscular diseases are progressive, 
MIP helps to document this progression. MIP may also 
indicate the patient’s physical ability to take a deep breath 
and is often measured when weaning a patient from me- 
chanical ventilation is being considered. 

Complex Bedside Measurements 

Automated and computer monitors allow the measure¬ 
ment of more complex breathing variables at the bedside. 
Usually these measurements are useful for weaning a child 
from mechanical ventilation, but they may also be helpful 
when evaluating the pulmonary status of a neuromuscular 
patient. 

An example of such a measurement is the P0.1, pro- 
nounced “P one hundred.” It is similar to MIP but measures 
the negative pressure generated in the first 100 msec. P0.1 
appears to be more indicative of the ability to sustain respi- 
ratory drive and predict successful extubation or weaning 
from mechanical ventilation. 

Another such measure is the tension time index 
(TTI), which may assist in predicting successful weaning 
from mechanical ventilation. The TTI is the product of 
the inspiratory time-to-cycle time ratio and the inte- 
grated area under the pressure curve throughout the re- 
spiratory cycle. TTI can be measured both invasively and 
noninvasively. The TTI of the diaphragm (TTdi) is an 
invasive measurement of the load capacity ratio of 
the diaphragm. The respiratory muscle time index 
(TTmus) is a noninvasive measurement of the load on all 
respiratory muscles. In a study by Harikumar and 
colleagues, a TTmus value greater than 0.18 and a 
TTdi value greater than 0.15 had sensitivities and speci- 
ficities of 100% in predicting extubation failure. Invasive 
and noninvasive measurements of TTI may provide 
accurate prediction of extubation outcome in mechani- 
cally ventilated children. 54 
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KEY POINTS 

• Pulmonary function testing is a vital part of the diagnosis 
and management of many respiratory diseases in both 
the intensive care unit and outpatient laboratory. 

• Obtaining reliable pulmonary function data from 
infants and pediatric subjects may be challenging 
but provides extremely valuable insight into their 
respiratory mechanics. 

• Traditional diagnostic tools such as spirometry, lung 
volume measurement techniques (e.g., plethysmogra- 
phy and dilution methods), diffusing capacity, and 
provocation tests are used in assessing lung function. 

• A multitude of other diagnostic test modalities (e.g., 
impulse oscillometry, exhaled nitric oxide, CPET, etc.) 
may be used to identify and manage the care of infant 
and pediatric patients. 

• Understanding the physiological principles of the tests 
and their specific application across a variety of clinical 
arenas is a useful ski li set of the neonatal and pediatric 
practitioner. 

• The continued advancement of pulmonary diagnostic 
technology and their application by skilied clinicians 
has dramatically enhanced the reliability and accuracy 
of pulmonary function testing in these age groups. 


ASSESSMENT QUESTIONS 

See Evolve Resources for cwswers. 

1. When interpreting pulmonary function test results in 
children, assessing whether values are “normal” is 
complicated by: 

A. Applying the process of obligatory miniaturization 

B. The wide range of variability in normal children 

C. Lack of predicted normal values 

D. A and C 

E. B and C 

2. Why do inspiratory retractions distort the ribs and 
sternum inward during distressed breathing in a 
premature newborn? 

A. Negative inspiratory pressures exceed transpulmo- 
nary pressure. 

B. The chest wall is compliant and does not expand 
the lungs. 

C. The specific conductance of the lungs is higher 
than the recoil of the chest wall. 

D. Time constant differences result in a lag between 
lung expansion and chest wall movement. 

E. None of the above. 

3. Airway resistance (Raw) reflects the nonelastic airway and 
tissue forces resisting gas flow. How is Raw calculated? 

A. By dividing the peak ventilating pressures by the 
peak flow rate 

B. Using a modified Fick equation for gas flow 

C. From the ratio of airway occlusion pressure to 
expiratory flow 

D. Using a tonometer and paramagnetic analyzer 

E. By dividing the ratio of upper airway flow by lower 
airway compliance 


4. Which of the following are possible tests that may be 
used to determine lung volume in an infant? 

I. Functional residual volume 

II. Helium dilution 

III. Plethysmography 

IV. Thoracic gas volume 

V. Nitrogen washout 

A. II, III, and V 

B. I, III, and V 

C. II and IV 

D. III and IV 

E. IV and V 

5. What is the difference between pleural pressure and 
airway pressure? 

A. End-expiratory pressure 

B. Hyperinflation pressure 

C. PD20 

D. Isovolume pressure 

E. Transpulmonary pressure 

6. Which of the following are considered a complication 
of using a face mask during infant pulmonary function 
tests? 

I. Trigeminal nerve damage 

II. Vagal reflex stimulation 

III. Increased lung compliance 

IV. Increased dead space volume 

V. Recurrent pharyngeal nerve damage 

A. I, II, and IV 

B. I, III, and IV 

C. II and IV 

D. II, III, and V 

E. III, IV, and V 

7. What is one advantage to using a flow-volume loop in- 
stead ofvolume-time spirometry? 

A. A flow-volume loop is not dependent on patient 
cooperation or effort. 

B. Vol ume-time spirometry causes early fatigue in 
children. 

C. Flow-volume measurements are easier to record. 

D. Afl ow-volume loop displays early termination of 
the exhalation effort. 

E. Time-volume displays are not real time measure¬ 
ments. 

8. How are spirometric values affected if a child fails to 
begin exhalation at 100% of total lung capacity? 

A. Reported tidal volume value is higher than the 
actual value. 

B. Reported FEF 50 value is higher than the actual 
value. 

C. Reported FVC value is lower than the actual value. 

D. Reported PEFR value is higher than the actual 
value. 

E. All values are reported accurately. 

9. Measuring flow from airways less than 2 mm in 
diameter is determined by evaluating: 

A. The maximal midexpiratory flow rates 

B. The forced expiratory flow at 25% to 75% of 
exhalation 

C. The forced expiratory flow at 50% of exhalation 

D. B and C 

E. A, B, and C 
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10. When using a handheld peak flow meter, a 6-year-old 
patient with asthma partially occludes the exit orifice 
of the meter. On the basis of the flow meter results, 
the physician may: 

A. Erroneously prescribe the wrong medication dose 
because the value reported is lower than the actual 
value 

B. Prescribe the correct medication dose because 
there is no effect on the actual value 

C. Not prescribe medication because the value 
reported is higher than the actual value 

D. Prescribe a medication dose that is proportionate 
to the erroneous reduction in peak flow 

E. None of the above 
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Chapter 6 



Radiographic Assessment 


NINA KOWALCZYK 

OUTLINE 

Radiographic Imaging 

Normal Chest Anatomy 

Positioning of Lines and Tubes 

Airway Obstruction 

Respiratory Distress in the Newborn 

Atelectasis 

Pneumonia 

Asthma 

Cystic Fibrosis 

Acute Respiratory Distress Syndrome 

Chest Trauma 

LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 

1. Recognize differences in radiographic positions/ 
projections that affect the appearance of the visualized 
anatomy 

2. Identify normal chest structures 

3. Examine the chest radiograph for proper placement of 
endotracheal tubes and vascular catheters 

4. Identify the pathologies most commonly visualized on 
soft tissue images of the neck 

5. List the most common causes that lead to radio¬ 
graphic evaluation of the newborn chest 

6. Describe how atelectasis affects the individual lobes of 
each lung 

7. Describe the radiographic appearance of cystic 
fibrosis 

8. List the complications of chest trauma, and identify 
the placement of support devices 

KEY TERMS 


Air bronchogram 

Atelectasis 

Barium swallow 

Bronchiectasis 

Computed tomography 

Croup 

Dysphasia 

Epiglottitis 

Esophogram 

Hila 

Horizontal fissure 


Mass effect 
Major fissure 
Mediastinum 
Minor fissure 
Oblique fissure 
Patent ductus arteriosus 
Picture archiving and 
communication system (PACS) 
Pneumatocele 
Pneumomediastinum 


Pneumothorax 

Position 

Projection 

Pulmonary interstitial emphysema 
Retropharyngeal cellulitis 
Silhouette sign 
Spine sign 

Tracheoesophageal fistula 
Tracheomalacia 
Vascular ring 


Radiographic assessment of the chest and airway is 
often critical in patient evaluation by the respiratory 
care practitioner: the position of lines and tubes can 
be accurately determined; visualized lung fields on the 
radiographs can be correlated with the physical exami- 
nation; and airways can be assessed for patency and 
abnormalities. 


RADIOGRAPHIC IMAGING 

Conventional chest radiographs may be obtained with 
a mobile radiographic unit at the patient’s bedside or 
by using stationary radiographic equipment in the radi- 
ology department. To ensure the highest quality images, 
radiographic examinations should be performed on 
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stationary radiographic units whenever possible. Mobile 
radiographs should only be obtained when it is not safe 
or feasible to transport the patient to the radiology de- 
partment. Mobile radiography is most commonly used 
when imaging neonates and patients in critical care units. 
Digital radiography has largely replaced film/screen 
imaging, so radiographs are increasingly being viewed on 
monitors within the patient unit or by accessing images 
on a computer via a picture-archiving and communica- 
tion system or PACS (an electronic network to manage 
digital images). 

Patient position and the radiographic projection are 
critical conditions to consider when evaluating a radio¬ 
graphic image. Position refers to the arrangement of the 
patient’s body (e.g., erect, supine, recumbent), and projec¬ 
tion refers to the path of the x-ray beam (e.g., posteroante- 
rior [PA], meaning entering through the body’s posterior 
surface and exiting the anterior surface). The standard 
projections for chest radiography are the erect PA and left 
lateral obtained on full inspiration. 1 The PA and antero- 
posterior (AP) projections demonstrate chest anatomy 
in relation to right and left sides of the body. With the 
addition of the lateral projection, most commonly a left 
lateral, the anatomical structures can also be visualized 
from anterior to posterior. This allows the anatomical 
structure to be examined three-dimensionally. When im- 
aged with stationary radiographic equipment within the 
radiology department, a PA projection is obtained with 
the patient in an upright position with his or her chest 
against the radiographic imaging device. The x-ray tube is 
placed behind the patient’s back with the x-ray beam pro- 
jected through the patient in a posterior-to-anterior path. 
An upright left lateral projection of the chest is also ob¬ 
tained with the patient’s arms raised above his or her head 
to avoid superimposition of the arms within the lung api- 
ces. The x-ray beam is projected through the patient in a 
right side to left side path. These positions place the heart 
close to the image receptor and prevent engorgement of 
the heart and great vessels. However, when the radiograph 
is performed at the patient’s bedside with mobile radio¬ 
graphic equipment, the image receptor is placed behind 
the patient’s back and the x-ray tube is placed in front 
of the patient’s chest. This obtains a frontal view in the 
AP projection, with the beam passing from anterior to 
posterior. Whenever possible, mobile chest radiographs 
are obtained with the patient’s head raised, but in some 
cases, such as in neonates, the image must be obtained 
with the patient lying flat on his or her back. An AP pro¬ 
jection causes magnification of structures such as the 
heart because it places the anatomy further from the 
image receptor. When the chest radiograph is obtained 
with the patient in a supine position, the abdominal 
organs rise, the lungs cannot be fully distended, and the 
heart appears enlarged. Therefore knowledge of how the 
frontal view is obtained (anteroposterior vs. posteroante- 
rior) is useful in evaluating heart size. 


Although most chest radiographs are performed 
with PA and left lateral projections, other projections may 
contribute additional information. The lateral decubitus 
position is a frontal projection performed with the patient 
lying on either the right side (right lateral decubitus) or on 
the left side (left lateral decubitus). The down side can be 
evaluated for presence of fluid, such as a mobile pleural 
effusion, and the up side will demonstrate free air, such as 
in the case of a pneumothorax (air in the pleural cavity). 
Decubitus chest radiographs may also be used if a foreign 
body is lodged in a bronchus, causing air trapping. The 
down-side lung normally loses volume but may remain 
expanded when a foreign body obstructs airflow out of the 
bronchus. 

As mentioned earlier, chest radiography is usually per¬ 
formed on full inspiration. Forced expiratory images are 
used in assessing the presence of a pneumothorax and to 
evaluate for foreign body aspiration in small children. 
When assessing foreign body aspiration in very young 
patients, the radiographer may gently add pressure to the 
abdomen during expiration. If an obstruction is present, 
the affected lung will not decrease in size but remains 
normal to hyperexpanded (Figure 6-1). In older and coop- 
erative children the radiographer will have the patient 
inspire and expire without assistance while the radio¬ 
graphs are obtained. Oblique views are usually rotated 
45 degrees from the frontal position. They are typically 
used in the evaluation of rib fractures and to better evalu¬ 
ate the entire heart border. 

Although the thoracic trachea and mainstem bronchi 
are demonstrated on chest radiographs, soft tissue AP 
and lateral projections of the neck allow evaluation of the 
extrathoracic airway. These images may show mass effect 
on the airway from a retropharyngeal abscess or can 
show distortion of the tracheal caliber caused by croup 
and subglottic stenosis. 



FIGURE 6-1 Expiratory frontal chest radiograph shows normal 
decrease in left lung volume. Tooth ( arrow ) obstructs the right 
mainstem bronchus and causes air trapping in the right lung. 
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Real-time imaging of the airway by fluoroscopy will 
show the dynamic collapse of tracheal walls known as 
tracheomalacia. If a barium swallow, also known as 
an esophogram, is performed as well, the presence of a 
vascular ring (in which the trachea and esophagus are 
encircled by connected segments of the aortic arch and its 
branches) or tracheoesophageal fistula (an abnormal 
connection between the trachea and the esophagus) can 
be excluded. Swallowing studies are performed with the 
assistance of a speech therapist, using various consisten- 
cies of barium-impregnated food to determine which the 
patient is unlikely to aspirate. 

Computed tomography (CT) creates sectional images 
of the chest that can be viewed in multiple imaging planes: 
transverse, sagittal, and coronal. Volumetric CT offers the 
advantage of imaging the entire chest with one breath 
hold, which allows better evaluation of the chest, especially 
the diaphragm area. However, the radiation dose associ- 
ated with CT is much higher than the radiation dose re- 
ceived from a conventional chest radiograph. Therefore, 
the use of CT in imaging pediatric patients is limited. CT 
of the chest is the method of choice for evaluation of pul- 
monary adenopathy. Standard radiographs are only about 
50% sensitive to chest disease, typically displaying ad- 
vanced pathologic conditions. 1 CT of the neck is also 
appropriate in older children with a palpable neck mass, 
whereas ultrasound of the neck is preferable in patients 
under the age of 14 years because it does not expose the 
child to ionizing radiation. However, if the mass is located 
in the retropharyngeal area, an enhanced CT of the neck is 
appropriate for pediatric patients of all ages. 2 

NORMAL CHEST ANATOMY 

The normal structures that are visualized on a chest radio¬ 
graph are distinguishable because of differences in the ab¬ 
sorption of the x-ray beam by the organs and tissues within 
the thoracic cavity. Bone and metallic orthopedic hardware 
appear bright white because of greater x-ray absorption 
and less exposure of the image receptor. In contrast, air has 
little beam absorption, and therefore well-expanded lungs 
appear relatively black. Soft tissue organs and fluid usually 
appear as shades of gray in between the white bones and 
black lungs. However, incorrect exposure of the image re¬ 
ceptor may alter the normal gray scale. Digital radiographic 
images are automatically rescaled to allow proper image 
contrast and brightness, and the image can be manipulated 
by the clinician after it is processed. 

By using specialized tools available for adjusting images 
on a PACS monitor or computer, the image may be ma¬ 
nipulated to enhance visualization of the lung detail and 
to clarify the presence of abnormal collections of free air. 
Adjusting the window level Controls the brightness of the 
image on the monitor, and adjusting the window width 
changes the gray scale on the monitor. This is helpful in 
evaluating the soft tissue structures within the chest and 


neck. The zoom features are particularly useful to help 
magnify specific areas on the radiographic image. Inver¬ 
sion of the image sometimes will clarify the tip position 
of small catheters. Because of the complexity of image 
retrieval and portrayal with a PACS, instruction is usually 
provided to the clinicians by the PACS administrators 
from the radiology department. 

A chest radiograph is a two-dimensional representation 
of a three-dimensional object. When an x-ray beam passes 
through the chest, the densities of all the structures it en- 
counters are summated. Thus a flat object such as platelike 
atelectasis (collapse of all or part of the lung) may add 
little to the opacity of the chest in one projection but may 
appear opaque when viewed on edge in another projection. 
Pulmonary vessels appear as white dots when viewed in 
cross section but are fainter when viewed as tubes. 

Differences in tissue density allow the viewer to dis- 
criminate between different structures. The heart, which is 
composed of soft tissue of muscle density, is clearly demar- 
cated by a distinet edge from the adjacent air-filled lung. 
However, if the lung becomes denser from loss of air, as in 
atelectasis, or if the alveoli become filled with pus, as in 
pneumonia, the sharp edge between the heart and the lung 
is no longer apparent. The sign caused when two normal 
structures lose their distinet edge and blend imperceptibly 
is widely known as the silhouette sign (Figure 6-2). 

The normal structures that the respiratory care practi- 
tioner must evaluate on all chest radiographs are the heart, 
lungs, and airways (Figure 6-3). Other structures that may 
be important in a specific patient include the diaphragm, 
soft tissues, bones, and organs in the upper abdomen. 
Although the heart is centrally located within the chest, it 
lays in an oblique plane; thus the left ventricle normally 
projects into the left hemithorax. As mentioned earlier, it 
is important to remember that the heart size may be mag- 
nified by anteroposterior projection as well as decreased 
lung expansion. Pulmonary bronchi, arteries, and veins 
form confluent areas on either side of the heart called the 
right and left pulmonary hila. Enlargement of the hila 
may be caused by inereased caliber of the pulmonary ves¬ 
sels or enlarged lymph nodes. The side of the aortic arch 
should also be noted. Normally the aortic arch is on the 
left and causes a prominent bulge of the superior medias- 
tinum and a mild indentation on the trachea. 

The mediastinum is composed of the heart, aorta, 
main pulmonary artery and proximal branches, origins of 
the great vessels from the aorta, the superior vena cava, 
and the thymus. Thymic tissue is usually prominent in the 
neonate and becomes less apparent with age because of 
regression of the thymus and growth of surrounding 
structures. Because it is an anterior mediastinal structure, 
the thymus in the small child filis the anterior clear space 
normally seen on the lateral projection of a teenager or 
adult. On the AP or PA projection it may only cause widen- 
ing of the superior mediastinum. When the thymus pro¬ 
jects away from the mediastinum, typically into the right 
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FIGURE 6-2 A, Left lower lobe pneumonia abuts the diaphragm, ieading Co nonvisualization of the 
normal edge of the diaphragm. The cardiac border is demarcated because the lingula (a segment of the 
upper lobe of the left lung) is normally aerated. B, Only the right hemidiaphragm is visualized because 
the left is obscured by the left lower lobe pneumonia. Major fissure appears as an edge ( arrow ). 



FIGURE 6-3 Normal frontal view of the chest demonstrating 
the thoracic inlet (7), carina (the point at which the trachea splits 
into the two mainstem bronchi) (2), the aortic arch (3), and pul- 
monary hila (4). 

upper lung, it appears as a “sail” with a sharp inferior 
margin. The lateral margins often have a characteristic 
wavy contour (Figure 6-4). Unlike a pathological mass 
such as lymphoma, the normal thymus does not exert 
mass effect on the trachea. 

The right lung is divided into three lobes and the 
left lung into two lobes. Both lungs have upper and lower 
lobes, but the right lung also has a middle lobe. The 



FIGURE 6-4 Normal thymus abuts the minor fissure (arrow) 
and has a curved lateral margin. 

lingula of the left upper lobe may be thought of as corre- 
sponding to the right middle lobe, at least in location. 
A frontal view of the chest primarily demonstrates the 
upper and middles lobes of the lungs. Separating the up¬ 
per and lower lobes, the major fissures (also called oblique 
fissures) extend diagonally on the lateral projection in 
an anteroinferior-to-posterosuperior plane. Fluid in the 
fissures increases their visibility. The posterior lobes are 
visualized on the lateral projection of the chest. The mi¬ 
nor fissure (also called the horizontal fissure) separates 
the middle lobe from the right upper lobe. It is horizontal 
in orientation on both frontal and lateral projections and 
terminates at the major fissure on lateral projection. 

Lung density is greatly affected by the degree of inspira¬ 
tion. Poor inspiration will cause crowding of pulmonary 
vessels and airways, Ieading to an overall increase in lung 
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FIGURE 6-5 A, Infant with respiratory distress syndrome on 
lower ventilator setting. B, Same infant on higher ventilator setting. 

density. When comparing the present chest radiograph 
with a prior image, the depth of inspiration should be 
taken into account and excluded as a cause of the change 
in appearance of both the lungs and size of the heart 
(Figure 6-5). When viewing infant and pediatric radio- 
graphs, body rotation may be difficult to avoid. Evaluating 
thoracic symmetry helps when interpreting the loss of 
lung volume or increased density in the rotated patient. 

Evaluation of the trachea and mainstem bronchi should 
include the caliber as well as evidence of abnormal dis- 
placement or distortion by an adjacent mass. Truncation 
of a mainstem bronchus is often a sign of a mucous plug 
when the lung is collapsed. Although the right hemidia- 
phragm is usually slightly higher than the left because 
of the underlying liver, the position of the diaphragm may 
indicate hemidiaphragm paralysis or abdominal pathol- 
ogy. Congenital fusion anomalies may be seen in the neo¬ 
natal rib cage, and rib fractures may contribute to difficult 
ventilation in a trauma patient. 


POSITIONING OF LINES 
AND TUBES 

Chest radiography is considered the “gold standard” in 
assessing endotracheal tube placement. The frontal chest 
radiograph can readily be used to assess the proper place¬ 
ment of the endotracheal (ET) tube, which should be 
positioned in the midtracheal region between the inferior 
clavicular border and the carina. 3,4 If the tip is located 
above the clavicular border, the ET tube is too shallow. 
If the tube is at the carina or in one of the mainstem bron¬ 
chi, overaeration of one lung and atelectasis of the oppo- 
site lung may result. The position of the head, especially 
in a neonate, may result in a significant change in position 
of the endotracheal tube tip: the tip will advance toward 
the carina when the head is flexed. 

If a chest radiograph is obtained for suspected esopha- 
geal intubation, the stomach, small bowel, and esophagus 
will be distended with air while the lungs will be underin- 
flated. Although usually not necessary, a lateral projection 
would demonstrate the endotracheal tube in the more 
posterior esophagus. The lateral projection may be more 
useful for showing adequate tracheal positioning and 
length in long-term placement of a tracheostomy tube. 

A chest tube is inserted through the chest wall between 
the ribs to allow drainage of air (e.g., pneumothorax) or 
fluid (e.g., pleural effusion or hemothorax) from the tho¬ 
racic cavity. Those placed lower on the chest wall are usu¬ 
ally for fluid drainage; those placed higher are usually for 
air removal. Proper insertion of a central venous pressure 
line (CVP) places the tip of the catheter in the distal supe- 
rior vena cava just above the right atrium. A pulmonary 
artery catheter is a multilumen catheter that serves to 
evaluate cardiac function. The pulmonary artery catheter 
measures pulmonary wedge pressure, reflecting left atrial 
pressure, and it is positioned in the pulmonary artery. 
Access catheters such as a Hickman catheter or a Port-a- 
Cath are usually inserted via the subclavian vein. Hickman 
catheters are open to the outside of the body with the tip 
of the catheter placed in the superior vena cava. Port access 
devices are placed under the skin, just below the clavicle. 1 
The positions of vascular catheters should also be evalu- 
ated and repositioned if necessary. If the tip of the catheter 
is in the right atrium, arrhythmia may result. Pneumotho¬ 
rax and new ipsilateral pleural effusion could result from 
error in catheter placement. 

AIRWAY OBSTRUCTION 

The adenoids are posterior to the nasopharynx on the lat¬ 
eral neck radiograph. The palatine tonsils are best seen 
between the oropharynx and nasopharynx. Enlargement 
of these normal lymphoid structures are a major cause 
of sleep-related apnea. An acute infection can also cause 
adenoidal and tonsillar enlargement, leading to airway 
obstruction (Figure 6-6). 
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FIGURE 6-6 Enl arged tonsils ( arrow ) appear to hang down into 
the hypopharynx. The nasopharynx ( arrowhead ) is narrowed from 
enlarged adenoids located posterior and superior. 

Croup (laryngotracheobronchitis) is the most common 
cause of upper airway obstruction in children, with a peak 
incidence in infants and children 6 months to 5 years of 
age.'' Most cases are virally induced (parainfluenza) and 
cause inspiratory stridor with a barking cough. Frontal 
and lateral neck radiographs may show the characteristic 
subglottic narrowing below the vocal cords with loss of the 
normal “shouldering” of the airway and resultant “church 
steeple” appearance. The hypopharynx usually appears 
overdistended (Figure 6-7). 

Whereas croup usually improves within a few days of 
supportive therapy, epiglottitis is a life-threatening disease 
causing acute inspiratory stridor, fever, and dysphasia 
(speech impairment). The usual pathogen is Haemophilus 
influenzae, with the risk of infection now greatly reduced by 
immunization programs. The diagnosis should be made by 
physical examination or by direct visualization through a 
scope. If a lateral radiograph of the neck is obtained, the 
epiglottis is enlarged (referred to as the thumb sign), and 
the aryepiglottic folds are thickened, with overdistention 
of the hypopharynx. The radiograph is performed upright 
in the position most comfortable for the patient to breathe. 
Because safety of the child is of primary concern, the radio¬ 
graph should be performed portably in the emergency 
department, where intubation can be performed quickly if 
necessary (Figure 6-8). 

Retropharyngeal cellulitis and abscess are usually 
preceded by an upper respiratory infection, often with 
cervical adenopathy (enlargement of the cervical lymph 
nodes). Spread of infection along lymph channels leads to 



FIGURE 6-7 “Steepling” of the subglottic airway is caused by 
croup. 



FIGURE 6-8 Enl arged epiglottis (arrow) appears as a “thumb” 
projecting into the airway. 

enlargement of the retropharyngeal (prevertebral) soft 
tissues on the lateral neck radiograph with forward dis- 
placement and bowing of the airway (Figure 6-9). As 
discussed earlier, CT is the imaging modality of choice 
for distinguishing cellulitis from an abscess, which will 
appear as a walled-off fluid collection needing surgical 
drainage. 

On occasion the child being evaluated for stridor has 
aspirated a foreign body, such as a peanut, into the bron- 
chus and the airway is blocked, or the child has ingested an 
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FIGURE 6-9 Hypopharynx and trachea are displaced away 
from the cervical spine by a retropharyngeal abscess. 



FIGURE 6-10 Ed ema from a coin in the upper esophagus 
causes marked narrowing of the adjacent trachea. The child pre¬ 
sented with stridor and difficulty with swallowing. 

object such as a coin into the esophagus, causing compres- 
sion of the trachea. If the child is suspected of ingesting a 
coin or other object, a lateral radiograph of the neck and 
frontal views of the chest and abdomen are usually ob- 
tained to locate the object (Figure 6-10). Nonradiopaque 
objects that are aspirated may be difficult to see unless 
outlined by air in the trachea or bronchi. Forced expiratory 
chest radiographs are most useful in demonstrating the air 
trapping that may result when a foreign body is aspirated 


into a bronchus. In some instances, decubitus radiographs 
or fluoroscopy may be warranted. 

Tracheomalacia is diagnosed when the thoracic trachea 
abnormally collapses during expiration, leading to an 
expiratory wheeze. Although this may be seen in prema- 
ture infants, other associations include tracheoesopha- 
geal fistula and vascular rings. The abnormal collapse 
may be easily demonstrated by airway fluoroscopy, which 
may be combined with a barium swallow to exclude a 
fistula or ring. 6,7 

RESPIRATORY DISTRESS 
IN THE NEWBORN 

The various causes and conditions that can result in respi- 
ratory distress in the newborn may be combined under the 
mnemonic CHAMPS (Box 6-1). 

One of the most common causes of respiratory distress 
in the newborn is transient tachypnea of the newborn. 
Conditions that decrease the thoracic squeeze to clear the 
lungs of fluid at delivery include cesarean section, mild or 
moderate prematurity, maternal diabetes, and precipitous 
delivery. The radiographic findings usually show mild vas¬ 
cular congestion with pulmonary edema and small pleural 
effusions. The chest radiograph clears rapidly by 24 hours 
and is usually normal by 48 to 72 hours of age with conser- 
vative treatment. 

Respiratory distress syndrome (RDS), or hyaline mem- 
brane disease, occurs in premature infants, particularly 
those under 36 weeks of gestation. It is caused by a defi- 
ciency in pulmonary surfactant and deficiency in alveolar 
surface area for gas exchange in the immature lungs. 3 By 
lowering the surface tension in the alveoli, surfactant 
prevents atelectasis. When surfactant is deficient, the 
chest radiograph shows the characteristic pattern of low 
lung volumes with a ground-glass or granular pattern 
of alveolar collapse surrounding air bronchograms (air- 
filled bronchus against surrounding opacified alveoli, 
indicating alveolar disease) (Figure 6-11). 

Artificial surfactant given through the endotracheal 
tube may lead to rapid improvement demonstrated radio- 
graphically, but it may also lead to asymmetrical patterns 
of aeration if distributed unevenly. Gradual improvement 
over 1 week occurs with mild or moderate cases of RDS, 
but severe disease usually results in the chronic lung 
changes of bronchopulmonary dysplasia. This chronic 


Box 6-1 


Respiratory Distress in the Newborn 


C: Cardiac, congenital anomalies 
H: Hyaline membrane disease 
A: Airway 

M: Meconium aspiration 
P: Pneumonia 
S: Surgical lesions 









CHAPTER 6 • Radiographic Assessment 


95 



FIGURE 6-11 Even after intubation, the lungs are hypoinflated 
and have a granular pattern with faint air bronchograms in this 
infant with respiratory distress syndrome. 


disease is characterized by coarse, linear areas of scarring 
or atelectasis interspersed with areas of air trapping as well 
as shifting atelectasis. Both RDS and bronchopulmonary 
dysplasia may produce a variety of air leaks related to me- 
chanical ventilation, including pneumothorax, pneumo- 
mediastinum, and pulmonary interstitial emphysema. 

Pneumothoraces are the most common air leaks and 
are caused when air dissects in the pleural space surround- 
ing the lung. On an AP supine chest radiograph, air is 
usually seen lateral to the lung but may be subpulmonic 
(between the lung and diaphragm) or medial (next to the 
heart), in the latter case mimicking a pneumomediasti- 
num (Figure 6-12). If the hemithorax appears hyperlucent 
or the lateral costophrenic margin is too clearly visualized, 
a decubitus view or cross-table lateral view (patient supine 
with x-ray beam parallel to the table and passing through 
the patient from one side to the other side) may be helpful 
to exclude a pneumothorax. An upright, PA chest radio¬ 
graph is preferred in older children in whom the pneumo¬ 
thorax accumulates above the lung apex. 



FIGURE 6-12 Large left pneumothorax appears black and out- 
lines the partially collapsed left lung and left cardiac border ( arrow). 



FIGURE 6-1 3 Pneumomediastinum elevates the left lobe of the 
thymus to produce a “spinnaker sail” in this child, who also has a 
large left pneumothorax. 


When air dissects into the mediastinal tissues, it 
is called a pneumomediastinum. This air elevates the 
thymus, producing a “spinnaker sail” appearance, and 
may dissect under the heart, leading to a continuous dia¬ 
phragm appearance (Figure 6-13). A lateral decubitus 
image may cause a medial pneumothorax to shift to the 
elevated lateral pleural space, which distinguishes it from 
a pneumomediastinum. Air in a pneumopericardium 
surrounds only the heart and does not extend around 
other mediastinal structures such as the aorta. Neither 
a medial pneumothorax nor a pneumopericardium will 
elevate the thymus. 

Pulmonary interstitial emphysema results from air dis- 
secting within the interstitium of the lung. This condition 
appears as a diffuse pattern of random, small radiolucent 
bubbles combined with an irregular network of branching 
radiolucencies. Distribution is variable from entire lung to 
lobar to segmental. Interestingly, the pattern of involve- 
ment may shift from one lobe of one lung to another lobe 
in the other lung (Figure 6-14). 

The radiographic appearance of RDS can also be 
complicated by the superimposition of a patent ductus 
arteriosus (in the newborn, a failure of the connection 
between the aorta and the pulmonary artery to close) or 
hemorrhage. The appearance of pleural effusions with 
increased heart size and edema several days after birth 
suggests patent ductus arteriosus. Whiteout of a lung or 
lobe without volume loss may result from pulmonary 
hemorrhage. 

Although meconium staining of amniotic fluid occurs 
in 12% of deliveries, only 2% of these newborns develop 
meconium aspiration syndrome. Predisposing factors are 
postmaturity, intrauterine stress, and small size for gesta- 
tional age. The aspirated meconium produced by the 
bowel plugs bronchi and produces a Chemical pneumoni¬ 
tis. The chest radiograph is characterized by coarse, patchy 
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FIGURE 6-14 Massive pulmonary interstitial emphysema 
throughout the left lung causes shift of the mediastinum to the 
right and downward displacement of the left hemidiaphragm. 


opacities secondary to atelectasis from bronchial obstruc¬ 
tion alternating with areas of hyperinflation (Figure 6-15). 
The severity of the radiographic abnormalities does not 
always correlate with the clinical severity of the disease. 
Likewise, an infant with relatively mild radiographic 
tindings may be worse clinically because of persistent 
pulmonary hypertension. Pneumothoraces and pneumo- 
mediastinum develop in about 25% of infants with meco- 
nium aspiration syndrome. Resolution of the radiographic 
tindings may take several weeks. 

Although a variety of organisms may cause neonatal 
pneumonia, the most common is group B Streptococcus, 
which is usually acquired by the fetus before birth. Prema- 
ture rupture of the membranes and maternal infection are 
predisposing factors. The radiographic tindings are vari¬ 
able and may mimic other disease entities. For example, 



FIGURE 6-1 5 Meconium aspiration appears as a coarse, asym- 
metrical pattern. Enlargement of the heart may be secondary to 
fluid overload in this infant. 



FIGURE 6-16 Group B streptococcal pneumonia presents in 
this infant with hyperinflation, small right pleural effusion ( arrow ), 
and hazy infiltrative pattern. 


pneumonia may have a pattern resembling RDS; however, 
the presence of pleural effusions is rare in RDS but com¬ 
mon in neonatal pneumonia (Figure 6-16). Treatment is 
usually begun on the basis of the clinical assumption 
of pneumonia, with the radiographs used to monitor 
progress of the disease. 8 

Two surgical entities that may cause a cystic appearance 
in the lung are congenital diaphragmatic hernia and cystic 
adenomatoid malformation. In congenital diaphragmatic 
hernia, bowel herniates through the defect in the dia- 
phragm, leading to a “cystic” appearance as the loops till 
with air. If the stomach herniates as well, placement of a 
nasogastric tube may confirm the diagnosis. Because the 
bowel is in the chest, the abdomen will appear scaphoid 
(concave). Most of the hernias occur on the left. Patient 
outcome depends on the degree of pulmonary hypoplasia 
caused by compression of the developing lung tissue 
(Figure 6-17). 

Cystic adenomatoid malformation is a derangement in 
normal pulmonary tissue development, leading to cysts 
ranging from millimeters to several centimeters in size. 
Initially the cysts are fluid filled but become air filled over 
the first day or two of life. A large dominant cyst could 
mimic congenital lobar overinflation, whereas cysts appear- 
ing to fill one lung could mimic congenital diaphragmatic 
hernia. The presence of a normal amount of bowel in the 
abdomen would make a hernia unlikely.' 


ATELECTASIS 

Atelectasis is caused by an absence of air in the lung 
parenchyma from myriad causes, including bronchial 
obstruction or extrinsic compression. Most atelectasis is 
subsegmental in extent and appears as discoid or plate- 
like opacities, often radiating from the hila or located 
just above the diaphragm. Segments, lobes, and entire 
lungs may be collapsed, or atelectatic. This loss of volume 
may shift fissures toward the area of atelectasis, cause a 
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FIGURE 6-17 Multiple “cysts” in the left hemithorax are air-filled 
loops of bowel that herniated through a defect in the left hemidia- 
phragm. The abdomen is scaphoid from decreased bowel content. 


mediastinal shift toward the affected side, and elevate the 
ipsilateral diaphragm. Crowding of the pulmonary vascu- 
lar and interstitial markings in the affected region will 
occur. The other lung or adjacent lobes may become 
more lucent secondary to hyperexpansion. 

When atelectasis occurs in the right upper lobe, the 
minor fissure and posterior half of the major fissure shift 
upward. The collapsed right upper lobe appears as a trian- 
gular wedge of opacity adjacent to the superior mediasti- 
num on the frontal radiograph and as a triangular wedge 
at the apex in the lateral radiograph. Because no minor 
fissure is present on the left, collapse of the left upper 
lobe appears different from the right, with the major 
fissure shifting in an anterior direction. The collapsed left 
upper lobe on frontal projection appears as opacity in the 
upper two thirds of the lung that obscures superior medi¬ 
astinal and left cardiac borders and lacks a sharply defined 
border with the aerated lower lobe (Figure 6-18). In lateral 
projection the left upper lobe collapses adjacent to the 
anterior chest wall, with the major fissure defining the 
edge against the lower lobe. Isolated lingular atelectasis 
obscures the left cardiac border. 

Right middle lobe collapse is commonly seen in children 
with asthma and causes the major and minor fissures to 
approximate. The resultant triangular wedge or platelike 
opacity is most diagnostic in lateral projection and extends 
from the hilum to the anterior chest wall (Figure 6-19). It is 
less defined in frontal projection and may appear as a vague 
loss of the right-sided cardiac border. 



FIGURE 6-18 Left upper lobe collapse causes elevation of the 
left hemidiaphragm and crowding of the left ribs from volume 
loss. The cardiac and superior mediastinal borders are indistinct 
because of the “silhouette sign,” whereas the diaphragm remains 
demarcated by the aerated left lower lobe. 



FIGURE 6-19 Collapsed right middle lobe appears as a triangu¬ 
lar wedge of increased density extending anteriorly and inferiorly 
toward the anterior chest wall and diaphragm. 


Both right and left lower lobe atelectasis cause down- 
ward and posterior displacement of the major fissure. The 
lower lobe collapses toward the posterior aspect of the 
diaphragm on the lateral view and retrocardiac adjacent 
to the spine on the frontal view. The sharp border of the 
adjacent diaphragm becomes obscured in both projec- 
tions. In the lateral radiograph the normally more lucent- 
appearing lower thoracic vertebral bodies appear denser 
than normal because the x-ray beam must penetrate 
through the adjacent collapsed lower lobe. This increased 
density of the lower thoracic vertebral bodies has been 
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termed the spine sign. Left lower lobe collapse is com- 
monly seen in postoperative patients, especially those 
having undergone cardiothoracic surgery. 

The previously described silhouette sign is useful in 
localizing suspected atelectasis. The right cardiac border 
loses its sharp definition with right middle lobe atelectasis, 
whereas the left border is associated with lingular pathol- 
ogy. The diaphragmatic border is lost when atelectasis or 
other pathology occurs in the adjacent lower lobe.' 1 

PNEUMONIA 

Viruses are the most common cause of pneumonia in 
children, especially in the outpatient population. Many 
bacterial pneumonias are superimposed over viral infec- 
tions but may also be seen in hospitalized patients. Fungal 
and less common infections should be suspected in the 
immunocompromised patient. 

Infections may involve primarily the airways, mainly the 
peripheral airspaces, or a combination of both. Bronchio- 
litis in the younger child and bronchitis in the older child 
are viral infections of the airways leading to a radiographic 
appearance of bronchial wall thickening. Hyperinflation 
of the lungs as well as linear areas of atelectasis secondary 
to airway plugging by mucus are often associated with 
airway inflammation. 

Patchy areas of poorly defined parenchymal opacifica- 
tion characterize bronchopneumonia. The inflammation 
in the airways extends outward to involve the adjacent 
air spaces. The opacities may be caused by the air space 
inflammation as well as by atelectasis from associated 
mucous plugging of the peripheral airways. Air broncho- 
grams occur when the open airways are surrounded by 
Consolidated or collapsed air spaces. Both viral and bacte¬ 
rial pneumonias can cause a bronchopneumonia pattern. 
Although it may mimic other pulmonary diseases, Myco- 
plasma presents typically as a bronchopneumonia. 

Filling of the peripheral air spaces with an infectious 
exudate causes a dense, Consolidated appearance. The in- 
volvement may be limited to a segment of lung or spread 
to involve the entire lobe. Bacterial infections are usually 
the cause of Consolidated, or lobar, pneumonia. 

Pneumonia may be associated with hilar adenopathy 
and pleural effusions. When the pleura becomes infected, 
the resulting empyema may need to be surgically drained. 
Although decubitus radiographs may be able to differenti- 
ate an uncomplicated mobile pleural effusion from locu- 
lated fluid or thickening, both ultrasound and CT can be 
used to better characterize the pleural fluid. Pulmonary 
abscesses are rare complications, but pneumatoceles 
(thin-walled, air-filled cavities in the lungs) may occur after 
staphylococcal pneumonia. Round pneumonias are usu¬ 
ally of pneumococcal origin (Figure 6-20). 9-12 

The American College of Radiology (ACR) has developed 
appropriateness criteria for imaging pediatric patients who 



FIGURE 6-20 Round pneumonia ( arrow ) in the left lower lobe 
simulates a mass. 

present with a fever with an unknown source. 2 Although the 
source of a fever may be determined medically through pa¬ 
tient evaluation, history, and laboratory tests, chest radio¬ 
graphs are considered appropriate in the acute evaluation of 
infants and children with a fever without a source, especially 
if the patient displays chest symptoms. Chest radiographs 
may also be appropriate for evaluation in a pediatric patient 
who does not have chest symptoms but does have a fever, 
oxygen saturation of 95% or lower, and a white biood cell 
count of 20,000/mm 3 or more. 2 

ASTHMA 

Asthma is caused by recurrent bronchospasm of the large 
intrathoracic airways, leading to wheezing and labored 
breathing. Chest radiographs are usually obtained to 
exclude the presence of pneumonia causing the acute 
episode. Typical Åndings are hyperinflation and bronchial 
wall thickening. Mucous plugging of the airways may 
lead to atelectasis and focal air trapping. Atelectasis is 
the usual cause of a focal opacity in the lung. Pneumome- 
diastinum occurs in a small percentage of children evalu- 
ated for an acute asthma attack and is a cause of acute 
chest pain. 11 ' 14 

CYSTIC FIBROSIS 

Cystic fibrosis is a genetic disorder affecting the function 
of exocrine giands, causing increased viscosity of the respi- 
ratory mucus. This mucus is difficult to clear from the 
airways, leading to obstruction and promotion of bacterial 
infection. Cystic fibrosis involves many organs in addition 
to the respiratory system. In the respiratory system, evi- 
dence suggests that the lungs are histologically normal 
at birth. Pulmonary damage is initiated by gradually 
increasing secretions from the hypertrophy of bronchial 
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FIGURE 6-21 Coarse interstitial markings, hyperinflation, 
bronchiectasis, mucous plugging ( arrow ), atelectasis ( arrowhead ), 
and enlarged pulmonary hila are all demonstrated in this child 
with cystic fibrosis. 

giands, leading to obstruction of the bronchial system. 
The resultant plugging promotes staphylococcal infection, 
followed by more tissue damage, as well as atelectasis 
(collapse of lung tissue) and emphysema. 4 Early childhood 
radiographs may show nonspecific findings of airway dis- 
ease with peribronchial thickening, atelectasis, and air 
trapping. These early changes are similar to the chest ra¬ 
diographs of a patient with asthma. As the disease pro- 
gresses, fingerlike mucoid impaction of the airways may 
be demonstrated along with abnormal dilation of the 
airways, called bronchiectasis, lobar atelectasis, scarring, 
pulmonary artery and right ventricular enlargement, and 
overinflation of the lung and chest wall. Recurrent infec- 
tions are common. Striking hyperinflation is seen in older 
patients, often with enlarged hila from pulmonary hyper¬ 
tension (Figure 6-21). 13 

ACUTE RESPIRATORY DISTRESS 
SYNDROME 

Although originally described in adults, acute respiratory 
distress syndrome may occur in children as well. These 
patients present initially with either sepsis, pneumonia, 
near drowning, inhalation injury, aspiration, or trauma. 
The acute lung insult can lead to increased capillary per- 
meability, pulmonary edema, surfactant inactivation, al¬ 
veolar filling, and reduced lung compliance. This leads to 
profound hypoxemia and acute respiratory distress syn¬ 
drome. The disease passes through stages of acute lung 
injury, exudative alveolitis, fibroproliferative repair, and 
finally recovery if the patient survives. The mortality rate is 
high. Pneumothoraces and pneumomediastinum are com¬ 
mon complications (Figure 6-22). 15 



FIGURE 6-22 Pneumonia was the precipitating precursor to 
acute respiratory distress syndrome, with densely Consolidated 
lungs and air bronchograms (arrow). 

CHEST TRAUMA 

When an injured child is evaluated in the emergency 
department, initial radiographs to screen for trauma usu- 
ally include an AP projection of the chest. Lines and tubes 
inserted at the accident site or on arrival in the emergency 
department should be assessed for position and effective- 
ness. A right mainstem intubation may lead to collapse 
of the left lung. The position of a chest tube may not be 
optimal for evacuating a pneumothorax, and the nasogas- 
tric tube may need to be advanced into the stomach. 

Consolidation in the patient with blunt trauma may 
result from pulmonary contusion with hemorrhage into 
the air spaces. Aspiration leading to patchy consolidation 
in the upper lobes should be considered in the patient with 
loss of consciousness. Laceration of the lung may lead 
to cysts in the parenchyma as well as a pneumothorax. 
The rib cage should be evaluated for fractures, especially 
adjacent to an area of lung injury. Multiple contiguous 
rib fractures may result in a flail chest (three or more 
rib fractures resulting in paradoxical motion of the chest 
wall with respiration) with associated ventilation difficul- 
ties (Figure 6-23). 

Widening of the superior mediastinum suggests hem¬ 
orrhage, which could be venous or related to aortic injury. 
Traumatic aortic rupture is rare in children as opposed to 
adults. Small children have prominent thymic tissue, so 
this should be excluded as the cause of medias tinal widen¬ 
ing. Tracheal and bronchial fractures are rare but cause 
massive air leaks. Enlargement of the cardiac silhouette 
from a traumatic pericardial effusion is rare. 

When significant chest injury is suspected clinically or 
demonstrated on chest radiographs, CT scans of the chest 
more clearly demonstrate the extent of the injury than 
conventional radiographs. These are often rapidly per- 
formed in conjunction with imaging of the abdomen. 
Lung and mediastinal injury as well as placement of chest 
tubes can be further clarified. More injury is often shown 
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FIGURE 6-23 Trauma Co the chest resulted in extensive bilat¬ 
eral air leaks and densely Consolidated pulmonary contusions. 
Multiple rib fractures are present. 


by CT scans than was suspected on chest radiographs. 
Not uncommonly, small pneumothoraces are found by 
CT that cannot be seen even in retrospect on conventional 
radiographs. CT angiography of the chest has supplanted 
catheter aortography for exclusion of aortic injury. The 
need for CT is usually made clear after assessment of 
the previously obtained chest radiographs. Although CT 
scanning of the chest may provide additional information, 
routine scanning in children is discouraged because of 
the added radiation dose. 13 ' 15 


| KEY POINTS 

• Position refers to the arrangement of the patient’s body 
and projection refers to the path of the x-ray beam. 

• The PA and AP projection demonstrates chest anatomy 
in relation to right and left sides of the body. The 
lateral projection demonstrates the anatomical struc- 
tures from anterior to posterior. The lateral decubitus 
position is a frontal projection performed with the 
patient lying on either the right or left side. 

• The normal structures that are visualized on a chest 
radiograph are distinguishable because of differences 
in the absorption of the x-ray beam. Bone and metallic 
orthopedic hardware appear white, well-expanded 
lungs appear relatively black, and soft tissue organs 
and fluid usually appear as shades of gray. 

• The endotracheal tube should be located between 
the thoracic inlet and the carina. The tip of the CVP 
catheter should be in the distal superior vena cava just 
above the right atrium. The pulmonary artery catheter 
should be positioned in the pulmonary artery. 


• Common reasons for soft-tissue neck radiographic 
evaluation include croup and epiglottitis. CT of the 
neck is useful in the evaluation of retropharyngeal 
masses and abnormalities. 

• Chest radiography is appropriate in neonates to 
evaluate for a fever without a source, RDS, pneumo¬ 
nias, congenital diaphragmatic hernias, and cystic 
adenomatoid malformation. 

• Atelectasis may affect segments, lobes, or the entire 
lung. The collapsed right upper lobe appears as a 
triangular wedge of opacity adjacent to the superior 
mediastinum in the frontal radiograph and as a 
triangular wedge at the apex in the lateral radio¬ 
graph. The collapsed left upper lobe appears as 
opacity in the upper two thirds of the lung, obscuring 
the superior mediastinal and left cardiac borders on 
the frontal projection and the left upper lobe collaps- 
ing adjacent to the anterior chest wall on the lateral 
projection. Right middle lobe collapse is best visual¬ 
ized on the lateral projection as a triangular wedge 
or platelike opacity extending from the hilum to the 
anterior chest wall. Both right and left lower lobe 
atelectasis cause downward and posterior displace- 
ment of the major fissure. 

• The radiographic appearance of cystic fibrosis in 
early childhood demonstrates nonspecific Åndings 
of airway disease with peribronchial thickening, 
atelectasis, and airtrapping. As the disease pro- 
gresses, fingerlike mucoid impaction of the airways 
may be demonstrated along with bronchiectasis, 
lobar atelectasis, scarring, pulmonary artery and 
right ventricular enlargement, and overinflation of the 
lung and chest wall. 

• Chest trauma resulting in pulmonary contusion often 
is demonstrated radiographically as consolidation 
from hemorrhage into the air spaces. Aspiration 
pneumonia is demonstrated as patchy consolidation 
in the upper lobes should be considered in the 
patient with loss of consciousness. Laceration of the 
lung may lead to pneumothorax, atelectasis, and 
cyst formation within the lung parenchyma. Multiple 
contiguous rib fractures may result in a flail chest 
with associated ventilation difificulties. 


| ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. A mother States that she found her 18-month-old 
child choking near an open can of peanuts. Which set 
of chest radiographs would most likely suggest airway 
obstruction? 

A. Frontal and bilateral oblique 

B. Frontal inspiratory and frontal forced expiratory 

C. Frontal and lateral 

D. Frontal and left-side down lateral decubitus 
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6. The initial chest radiograph ofa neonate in severe 
respiratory distress and having a scaphoid abdomen 
reveals multiple round air-fi I led structures in the left 
side of the chest, displacing the mediastinum to the 
right. The most likely etiology is: 

A. Congenital adenomatoid malformation 

B. Pulmonary interstitial emphysema 

C. Congenital diaphragmatic hernia 

D. Staphylococcal pneumonia 

7. Left lower lobe collapse (atelectasis) is associated 
with which of the following radiographic findings? 

I. Loss of the left-side heart border 

II. Loss of the left hemidiaphragm border 

III. Increased retrocardiac density 

IV. “Spine sign” 

A. I, II, and III only 

B. I, II, and IV only 

C. I, III, and IV only 

D. II, III, and IV only 

8. Pneumatoceles are occasionally seen as a complica- 
tion of which of the following infections? 

A. Mycoplasmal 

B. Vi ral 

C. Streptococcal 

D. Staphylococcal 

9. Which of the following is a hallmark of cystic fibrosis 
and is not also seen with asthma? 

A. Hyperinflation 

B. Atelectasis 

C. Bronchiectasis 

D. Airway disease 

10. CT scans of the chest in a pediatric trauma 
patient are not routinely obtained because of 

A. The high radiation dose 

B. The time necessary to complete the scan 

C. A contraindication to the use of IV contrast agents 

D. The additional costs associated with CT imaging 


2. The normal thymus has a characteristic appearance 
with which of the following radiographic findings? 

I. Displacement of the trachea to the opposite 
side of the mediastinum 

II. Appearance ofa sail 

III. Wavy margins 

A. I and II only 

B. I and III only 

C. II and III only 

D. I, II, and III 

3. A pneumothorax is suspected on the left in a child’s 
portable radiograph from the intensive care unit. 
Which of the following may better image and confirm 
a suspected pneumothorax? 

I. Cross-table lateral 

II. Upright frontal 

III. Left-side down decubitus 

IV. Right-side down decubitus 

A. i, II, and III only 

B. i, II, and IV only 

C. I, III, and IV only 

D. il, III, and IV only 

4. Subglottic edema causing a “church steeple” 
appearance of the trachea on the frontal neck 
radiograph is characteristic ofwhich infection? 

A. Retropharyngeal abscess 

B. Epiglottitis 

C. Adenoiditis 

D. Croup 

5. Before intubation, the chest radiograph of a 
premature newborn reveals low lung volumes and 
diffuse ground-glass opacification of the lungs. 

These radiographic findings are most characteristic of 

A. Meconium aspiration 

B. Respiratory distress syndrome 

C. Bronchopulmonary dysplasia 

D. Transient tachypnea of the newborn 
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LEARNING OBJECTIVES 

After readiag this chapter the reader will be able to: 

1. Identify common indications for bronchoscopy in in¬ 
fants and children and the differences between rigid 
and flexible bronchoscopy 

2. Prepare equipment and the patient for a flexible bron¬ 
choscopy procedure 

3. Monitor a patient during a flexible bronchoscopy, 
including what complications to watch for during and 
after the procedure 

4. Clean and disinfeet bronchoscopes after procedures 

KEY TERMS 


Bronchiectasis 

Bronchoalveolar lavage 

Bronchomalacia 

Conscious sedation 

Flexible fiberoptic bronchoscopy 


High-level disinfection 
Laryngeal web 
Laryngomalacia 
Papillomatosis 
Rigid bronchoscopy 


Stridor 

Tracheomalacia 
Vocal cord dysfunetion 


Flexible fiberoptic bronchoscopy was first introduced 
for clinical practice in 1968, with the invention of flexible 
scopes containing fiberoptic bundles to illuminate and 
visualize the airways. 

The procedure was initially performed in adults be- 
cause of the relatively large size of the fiberscopes. The 
development of smaller bronchoscopes in the late 1970s 
led to the widespread use of this procedure in children/ 
Pediatric flexible bronchoscopy is now performed by 


many medical specialists, including pediatric pulmon- 
ologists, otolaryngologists, surgeons, anesthesiologists, 
and pediatric intensivists. It is done in a variety of 
settings, including bronchoscopy suites, operating suites, 
intensive care units, and procedure rooms. 2 ' 5 Since the 
1990s the direct visual inspection of the pediatric airways 
with or without bronchoalveolar lavage has been a ma¬ 
jor tool in the assessment of the child with respiratory 
disease. 
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INDICATIONS 

Flexible bronchoscopy is indicated when (1) information 
valuable to the management of a patient cannot be obtained 
by less invasive techniques or (2) therapeutic interventions 
need to be directly administered to the airway (Box 7-1). 
As with any invasive procedure, the potential benefits to be 
gained in any given patient must be weighed against the 
risks of the procedure, even the most minor risk. 

Diagnostic Bronchoscopy 

For diagnostic purposes, persistent or recurrent respiratory 
symptoms are the most common indication for flexible 
bronchoscopy. These symptoms may include stridor, an 
abnormal voice, wheeze, cough, and recurrent or persistent 
abnormalities on chest radiography. 

Stridor 

Stridor is a high-pitched wheeze produced by turbulent 
airflow through a partially obstructed airway. It can be 


Box 7-1 


Indications for Flexible Bronchoscopy 


DIAGNOSTIC 

Airway Anatomy Evaluation 

• Fistulas 

• Flemangiomas or tumors 

• Stenoses or strictures 

• Tracheal bronchus 

• Tracheostomy evaluation 

• Vascular rings 

• Congenital anomalies 

Bronchoalveolar Lavage and Biopsy 
Cytopathology 

• Lipid-laden macrophages 

• Hemosiderin-stained macrophages 

• Malignant cells 
Microbiology 

• Bacteria 

• Fungi 

• Pneumocystis 

• Mycobacterium tuberculosis 

• Viruses 

Foreign Body Aspiration 
Functional Airway Evaluation 

• Laryngomalacia, tracheomalacia, bronchomalacia 

• Vocal cord dysfunction or paralysis 

• Persistent hoarseness 

Inhalation Injury 

• Flemoptysis 

• Recurrent pneumonia 

THERAPEUTIC 

• Atelectasis 

• Endotracheal intubation 

• Foreign body aspiration 

• Laser therapy 


inspiratory, expiratory, or biphasic. Inspiratory stridor 
associated with extrathoracic lesions is the most common. 
Expiratory stridor or mixed expiratory/inspiratory stridor 
is typically associated with intrathoracic lesions. Because 
stridor always has an anatomical basis, visual inspection 
of the airway is usually required for definitive diagnosis. 
It is the most common indication for diagnostic flexible 
bronchoscopy in infants. The possible causes of recurrent 
or persistent stridor include laryngeal pathology, subglot- 
tic stenosis, mass or tumor, extrinsic compression of the 
tracheobronchial tree, and vocal cord paralysis. Vocal 
cord dysfunction (VCD), an uncontrolled adduction of 
the vocal cords, is seen in older children and adolescents. 

Stridor often varies in intensity depending on the 
extent of a child’s activity or agitation, which increases 
the child’s minute ventilation. This increase in airflow 
results in louder stridor. Thus stridor is a dynamic process 
in children, and flexible bronchoscopy is ideally suited for 
its evaluation. Because flexible bronchoscopy can be per- 
formed on a sedated but spontaneously breathing patient, 
the dynamics of the airways are preserved without disrup- 
tion by general anesthesia, positive-pressure ventilation, or 
the oral approach of rigid bronchoscopy. Of all indications 
of diagnostic pediatric flexible bronchoscopy, stridor re- 
ceives the highest diagnostic yield for the procedure, iden- 
tifying specific lesions in more than 80% of patients. 6,7 

The most common cause of inspiratory stridor in neo- 
nates is laryngomalacia, the inward collapse of the 
softer than normal cartilage of the upper airway over 
the airway opening during inspiration. It is a congenital 
condition that is usually not serious. The exact cause is 
not known. Laryngomalacia will resolve 90% of the time by 
12 to 18 months. The condition occurs in three patterns: 

• The prolapse of one or both arytenoids into the supra- 
glottic space during inspiration 

■ The lateral infolding across the airway of a soft epiglot- 
tis that is more omega shaped than crescent shaped in 
a young infant 

• The anteroposterior bending of a soft epiglottis across 
the supraglottic space 

Other laryngeal lesions that can produce stridor in¬ 
clude unilateral or bilateral vocal cord paralysis from con¬ 
genital lesions, birth trauma, or recurrent laryngeal nerve 
injury after thoracic surgery; laryngeal papillomatosis; 
and laryngeal webs. Inspiratory or biphasic stridor may 
also arise from subglottic lesions, such as congenital or 
acquired subglottic stenosis, subglottic edema resulting 
from infection or chronic acid aspiration, or subglottic 
hemangiomas. 

Tracheomalacia, caused by a congenital or acquired 
weakness in tracheal cartilaginous support, may cause in¬ 
spiratory stridor but is more often associated with bipha¬ 
sic or expiratory stridor. Tracheomalacia may be seen in up 
to one third of patients with laryngomalacia. It is also 
present when a tracheoesophageal fistula or vascular ring 
deforms the tracheal cartilage, and it may develop with 
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long-standing tracheal inflammation, as seen in infants 
with bronchopulmonary dysplasia. If the weakness in sup¬ 
port extends into the mainstem bronchi, the condition is 
termed bronchomalacia. 

Additional causes of expiratory stridor include extrinsic 
tracheal or bronchial obstruction from vascular rings or 
slings, anomalous arteries, congenital heart disease, hilar 
adenopathy, and mediastinal mass lesions. 

Wheeze 

Recurrent wheezing, a continuous, coarse, whistling 
sound, is another common respiratory symptom in the 
pediatric population. Wheezing usually results from a 
more distal site of airway obstruction than stridor. The 
most common cause of recurrent wheezing in children is 
asthma, and most patients with asthma do not require 
bronchoscopy as part of their evaluation. Exceptions in¬ 
clude asthmatics with recurrent or persistent atelectasis 
(lung collapse, often of the right middle lobe) or asthmat¬ 
ics with gastroesophageal reflux who may have chronic 
aspiration. A flexible bronchoscopic evaluation is often 
indicated to investigate other causes of wheezing, particu- 
larly when the wheezing is unilateral, is present at birth or 
at a young age, or is refractory to asthma medications. 
Nonasthmatic causes of wheezing include anatomical ab- 
normalities of the airway (e.g., bronchomalacia, stenosis, 
and extrinsic compression of the left mainstem bronchus 
from a dilated heart), anomalies of the great vessels (vascu¬ 
lar ring), recurrent aspiration, and foreign body aspiration. 
Vocal cord dysfunction may masquerade as asthma. 

Cough 

Some disorders may produce chronic cough in addition 
to wheezing, and bronchoscopy is often indicated because 
of chronic refractory cough. This indication is particu- 
larly strong when there is radiographic indication of 
bronchiectasis—that is, chronic dilation of the bronchi 
and bronchioles associated with secondary infection in 
an area of lung. There is little role for bronchoscopy in 
evaluating the cough that accompanies common child- 
hood conditions such as upper and uncomplicated lower 
respiratory tract infections, sinusitis, postnasal drip syn- 
drome, asthma, and exposure to environmental irritants. 
On the other hånd, bronchoscopy should be considered 
to evaluate the possibilities of gastroesophageal reflux or 
aspiration, anatomical abnormalities of airways or large 
vessels, and any occult endobronchial lesions or foreign 
bodies, as well as to obtain culture specimens from chil¬ 
dren not responding to therapy. 

Radiographic Abnormalities 

Flexible bronchoscopy is indicated in the evaluation of a 
number of radiographic abnormalities in children, includ- 
ing recurrent or persistent atelectasis or infiltrate, localized 
pulmonary consolidation or hyperinflation, recurrent 
pneumonia, and focal atelectasis. Often, airway anatomical 


anomalies, mucous plugs, or unsuspected foreign body 
aspiration may be found. Children with lobar atelectasis 
or consolidation who have failed medical management 
may benefit from direct instillation of mucolytic agents 
and removal of mucous plugs via flexible bronchoscopy. 
Biopsies may also be obtained through the larger flexible 
bronchoscopes. These may include mucosal biopsies for 
the evaluation of ciliary motion and ultrastructure, as well 
as transbronchial biopsies for the diagnosis of certain pul¬ 
monary conditions, especially rejection or infection in lung 
transplant patients. 

Foreign Body Aspiration 

The flexible bronchoscope may be used to rule out the 
presence of a foreign body in the lower airways of children 
in whom the diagnosis is not strongly suspected. If a 
foreign body is discovered, the flexible bronchoscope 
can be used to evaluate the rest of the airways to look 
for the presence of a second foreign body. However, when 
the presence of a foreign body is confirmed or highly 
suspected either by radiographic evaluation or by history, 
the preferred approach is to identify and remove the for¬ 
eign body by rigid bronchoscopy. Although some authors 
believe that the flexible bronchoscope can be used for 
the therapeutic purpose of foreign body removal, rigid 
bronchoscopy is a better and safer approach in children. 
It allows better ventilation of the patient under general 
anesthesia and facilitates safer delivery of large foreign 
bodies through the subglottic area and the larynx com- 
pared with the flexible bronchoscope. 

Hemoptysis 

Flexible bronchoscopy is sometimes indicated in selected 
pediatric patients with hemoptysis who need visual inspec- 
tion of the airways for localization of their bleeding site. It 
can be useful for therapeutic purposes as well, by removal 
of biood clots and placement of single-lumen or double- 
lumen endotracheal tubes and balloon catheters to tam¬ 
ponade (i.e., to exert direct pressure on) a bleeding site in 
the airway. In situations with massive hemoptysis or brisk 
bleeding, however, the flexible bronchoscope is usually in- 
adequate because of its limited visualization and suction 
capabilities compared with the rigid bronchoscope. 

Inhalation Injury 

In patients with acute inhalation of a toxic or heated 
gas, flexible bronchoscopic evaluation of the upper and 
lower airways can be helpful in judging the extent of injury 
and determining the therapy and level of respiratory sup¬ 
port needed. The decision for elective intubation with 
the assistance of bronchoscopy may be made if significant 
laryngeal edema is visualized. 

Therapeutic Bronchoscopy 

The flexible bronchoscope is an excellent therapeutic 
tool. It is useful in placing an endotracheal tube in 


CHAPTER 7 • Pediatric Flexible Bronchoscopy 


105 


difficult intubation cases. The direct instillation of medi- 
cations such as 7V-acetylcysteine (Mucomyst), dilute 
sodium bicarbonate, or recombinant human deoxyribo- 
nuclease I (DNase) can help dislodge retained secretions 
or viscous mucous plugs before bronchoscopic suction- 
ing. The flexible bronchoscope has also been used to 
administer surfactant in patients with acute respiratory 
distress syndrome. Laser surgery of airway lesions can be 
done through a flexible bronchoscope, but a rigid scope 
allows for mechanical as well as laser resection and for 
better control of bleeding complications. 

Flexible Nasopharyngoscopy 

The flexible bronchoscope may also be used for examination 
of the nasophaynx. However, the flexible nasopharyngo- 
scope is more convenient for this purpose. The procedure 
is performed on an awake patient with only local anesthe- 
sia. In a tertiary center it is customary for our ear, nose, 
and throat (ENT) colleagues to perform this examination. 
This type of examination might be performed in the 
pulmonary function laboratory by a pulmonologists in 
the context of a VCD evaluation. This technique is useful 
to examine the upper airway for foreign bodies, polypoid 
disease, mass lesions, adenoidal anatomy, and septal anat- 
omy and to obtain a dynamic view of palatal, laryngeal, and 
vocal cord function. Examination of the airway below the 
vocal cords is reserved for the flexible bronchoscope. 


Flexible bronchoscopy has been shown to be a safe proce¬ 
dure, even when performed on ill pediatric patients. How¬ 
ever, certain conditions can place a patient at risk for 
complications (Box 7-2). Although there are no absolute 


contraindications for flexible bronchoscopy, there are 
conditions where the risk may be too great. If it is deter¬ 
mined by a trained specialist that the possible benefit of 
bronchoscopy outweighs the risks, and appropriate equip- 
ment and personnel are available, then the procedure may 
be performed. 

Flexible bronchoscopy often causes hypoxemia, most 
often as a result of occlusion of the airway by the bron¬ 
choscope during the procedure, and hypoventilation or 
apnea from sedation. Pulse oximetry and cardiac and 
respiratory tracings should be continuously monitored 
during and after the procedure. Supplemental oxygen 
should be provided to maintain oxygen saturation, opti¬ 
mally above 95%. If the patient is already hypoxemic, flex¬ 
ible bronchoscopy can further worsen the hypoxemia and 
place the patient at serious risk. Flexible bronchoscopy 
through an LMA may improve the safety of the procedure. 
Patients with impending respiratory failure may be elec- 
tively intubated before the bronchoscopy, in anticipation 
of worsening ventilation and oxygenation during and 
after the procedure. 

Elective flexible bronchoscopy should not be performed 
in the patient who has cardiovascular instability, uncon- 
trolled asthma, coagulopathy, pulmonary hypertension, 
severe upper airway obstruction, or superior vena cava 
obstruction until these conditions are stabilized. It should 
be performed selectively and with great caution in patients 
with acute laryngotracheitis because of the risks of sudden 
laryngospasm during the procedure and additional post- 
procedural airway edema that may severely compromise 
an already swollen airway. The bronchoscope should never 
be inserted forcefully past any area of airway narrowing, 
to avoid further injury and compromise to that site. As 
noted earlier, the strong suspicion of foreign body aspira¬ 
tion is a relative contraindication to flexible bronchoscopy 
and an indication for rigid bronchoscopy. 

EQUIPMENT 

Flexible Bronchoscope 

The flexible bronchoscope may be divided into three 
sections: (1) the insertion tube, (2) the control head and 
eyepiece, and (3) the light source connector. 

Insertion Tube 

The insertion tube is the flexible portion of the broncho¬ 
scope that is inserted into the patient’s airways. These 
tubes have the same working length of 55 cm, but they 
vary in outer diameter from less than 2 mm to 6.3 mm. 
The instruments most often used in pediatric patients 
are 2.2-mm-diameter scopes for neonates, 2.8- to 3.7-mm 
scopes for older children, and 4.7- to 4.9-mm scopes for 
adolescents (Figure 7-1). The composition of the tubes 
varies somewhat according to the diameter. All scopes 
contain one or two fiberoptic bundles for light transmis¬ 
sion from the light source to the airway, as well as one 


Box 7-2 


Contraindications to Flexible 
Bronchoscopy 

CONDITIONS IN WHICH RISK IS LIKELYTO BE TOO 
GREAT 

• Inability to oxygenate the patient adequately 

• Cardiovascular instability 

• Hypotension 

• Malignant arrhythmias 

• Myocardial infarction 

CONDITIONS IN WHICH RISK IS MORE LIKELYTO BE 
MANAGEABLE 

Severe bleeding diatheses/coagulopathy 
Hypercapnia with acidosis 
Hypoxemia 

Severe pulmonary hypertension 
Severe upper airway obstruction 
Superior vena cava obstruction 
Uncooperative patient 
Uncontrolled asthma 
Uremia 
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FIGURE 7-1 Th ree different sizes of pediatric flexible broncho- 
scopes. Top to bottom: 4.5-, 3.6-, and 2.2-mm outer diameter. 
Note that all scopes have similar working tube lengths. 


fiberoptic cable for transmission of the airway image from 
the tip of the scope to the eyepiece. These fiberoptic 
bundles consist of thousands of tiny (8-pm) glass fibers 
that are coated with a highly reflective glass material. 
These fibers transmit light and images by internal reflec- 
tions at the core-coating interface. This arrangement of 
highly reflective, minute glass fibers accounts for the bron- 
choscope's flexibility and high image quality. However, 
it also imparts substantial fragility to the instrument. 
Efforts to miniaturize charge-coupled devices (CCDs) have 
led to the development of bronchoscopes with tiny CCDs 
in their tips that record an image and then transport it 
electronically to the recording device. The CCD broncho¬ 
scopes provide larger and clearer images, free of the dots 
characteristic of fiberoptic images. Unfortunately, CCD 
video chips small enough to be used in pediatric flexible 
bronchoscopes (3.5 mm or smaller) are not yet available. 

The insertion tubes of the thinnest bronchoscopes, 
less than 2.2 mm in diameter, contain only light and 
image bundles. They are nondirectable because they lack 
the cables necessary to direct the distal section of the 
scope. Appropriately, they have been nicknamed “spa¬ 
ghetti scopes,” and their use is limited to visualization of 
an airway via insertion down an endotracheal tube. 

Larger, flexible bronchoscopes have two control cables 
aligned 180 degrees from each other that connect a hinged 
bending section at the distal tip of the tube to a control 
lever at the head of the scope. These cables allow the op¬ 
erator to flex and extend the distal tip of the bronchoscope 
in order to direct the passage of the scope through the 
airways. The 2.2-mm scopes have this directable capability, 
but they lack the third major component of the insertion 
tube, a suction channel. The larger scopes contain suction 
channels, varying in diameter from 1.2 mm in the 2.8- to 
3.7-mm scopes to 3.2 mm in the 4.5-mm scopes. These suc¬ 
tion channels allow for the suction of airway secretions, 
the instillation of lavage fluids or medications into the 
airway, and the passage of brushes and biopsy forceps for 
obtaining airway cytology and pathology specimens. 


The channel, direction cables, and fiberoptic bundles are 
enmeshed in a woven metal sheath and then enclosed in a 
nonlatex flexible plastic membrane. 

Control Head and Eyepiece 

The control head directs the insertion tube and use of the 
bronchoscope and transmits its images to the operator. 
Transmission is accomplished with an eyepiece and focus- 
ing ring. The operator may look through the eyepiece di- 
rectly at the distal image. Alternatively, a camera attached 
to the eyepiece and displayed on a video monitor during 
the procedure records the image. On directable broncho¬ 
scopes, the control head contains an angulation lever, 
which regulates the cables attached to the bending tip of 
the scope. On the larger scopes there is also a channel port 
attached or in addition to a button that activates suction 
through the suction channel. Syringes attach to the port 
for airway lavage, and instruments may be passed through 
the port for the collection of airway specimens. A suction 
adapter extends at a right angle from the head of the bron¬ 
choscope and attaches to tubing connected to the suction 
source. 

Light Source Connector 

The control head is also attached to a cable. The other end 
of the cable contains the light source connector for the 
transmission of light from a source to the fiberoptic cables 
in the insertion tube. The light source houses a bright 
halogen or xenon lamp, which provides adequate illumina¬ 
tion via the fiberoptic cables. 

Video Recording Equipment 

Video recording has proven to be invaluable in flexible 
bronchoscopy procedures. Video allows the bronchosco- 
pist to review the findings after the procedure, identifying 
or clarifying lesions missed during the actual procedure 
and at other times allowing for consultation with medical 
or surgical colleagues. Video of the recorded procedure 
may also be shown to the patient and family when discuss- 
ing the patient’s condition and treatment plan. The video 
also provides a record of the findings that may be used for 
comparison with past or future bronchoscopies. 

PREPARATION 

To perform an efficient and safe procedure the practitioner 
needs to fully prepare the bronchoscopy area, the equip¬ 
ment, medications, the patient, and the personnel who will 
participate in the procedure. 

Equipment and Supplies 

The proper selection and preparation of equipment are 
important to ensure a safe and effective procedure. The 
preparation of this equipment and certain medications is 
usually the responsibility of the respiratory therapist who 
will assist in the procedure. 
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FIGURE 7-2 Necessary equipment for basic pediatric flexible 
bronchoscopy includes bronchoscope, attached suction tube, 2% 
lidocaine jelly, lidocaine spray, three 1-ml aliquots of 1% lidocaine 
solution, Lukens trap, gauze pads, and three to five 1 0-ml aliquots 
of normal saline for bronchoalveolar lavage. These items are 
placed on a clean drape on top ofa portable bronchoscopy cart. 


The light source, video recorder, and monitor are usu- 
ally maintained on a portable bronchoscope cart. Equip¬ 
ment, such as 1% to 2% lidocaine spray, 2% lidocaine jelly, 
syringes containing aliquots of 1% to 2% lidocaine, a 
Lukens trap, 10-ml normal saline aliquots for lavage, 
and clean gauzes, may be placed on top of the cart for easy 
access (Figure 7-2). A cardiac monitor, pulse oximeter, 
noninvasive biood pressure monitor, and emergency resus- 
citation cart should also be placed at the bedside. Appro- 
priately sized resuscitation bag and mask, laryngoscopes 
and endotracheal tubes, and resuscitation medications 
must be readily available. Wall suction and oxygen should 
be connected and turned on for prompt access if needed. 
Two sources of wall suction should be used: one connected 
to the bronchoscope to clear the held of vision and to 
obtain specimens, and the other connected to a suction 
catheter or Yankauer suction tip for use if the patient has 
excessive oropharyngeal secretions or vomits during the 
procedure. On certain occasions, special equipment or 
medications may be needed, such as a swivel adapter for an 
endotracheal tube, positive end-expiratory pressure (PEEP) 
valves, tracheostomy tubes, wire brushes for cytology, 
transbronchial needle catheters, sodium bicarbonate, 
IV-acetylcysteine, and DNase (Box 7-3). 

During the procedure, all pediatric patients will require 
some type of sedation. The most common approach 
is conscious sedation following the guidelines of the 
American Academy of Pediatrics (1992). For administra¬ 
tion of conscious sedation, the presence of a trained clini- 
cian to attend to the sedation alone is required. Intravenous 
drugs are preferable to intramuscular medications be- 
cause of their quicker onset, shorter duration, and titrat- 
able dosage for optimal effects. Although various sedative 
agents are available, the combination of a benzodiazepine 


(e.g., midazolam) and a narcotic (e.g., fentanyl or mor- 
phine) is widely accepted. In addition to sedative effects, 
the narcotic provides analgesic and antitussive effects, and 
the benzodiazepine offers anxiolytic effects and antegrade 
amnesia. The most common side effect of this combina¬ 
tion is respiratory depression. On occasion, benzodiaze- 
pines can induce cardiovascular depression, and narcotics 
can elicit muscular rigidity and impaired liver and kidney 
functions. Fortunately, if these complications occur, spe- 
cific reversal agents, naloxone (0.01 mg/kg per dose) and 
flumazenil (0.2 mg/kg per dose) can be given to restore 
the patient’s respiratory status. These antagonists, along 
with atropine and epinephrine for adverse cardiac events, 
should be immediately available. 

Additional medications that should be available in- 
clude aerosolized albuterol to treat any bronchospasm 
that may develop, aerosolized epinephrine for airway 
edema, and diphenhydramine and a corticosteroid to treat 
any potential anaphylactic reaction to the sedating medi¬ 
cations. The presence of an anesthesiologist to manage the 
sedation and monitoring of the patient is increasingly 
common. 

Patient 

Patient preparation includes a thorough history and phys- 
ical examination before the procedure. Any radiographic 
studies should be reviewed. Information regarding the 
child’s current health status and drug allergies must 
be obtained. Elective bronchoscopic procedures should be 
postponed if the patient has a reversible condition or 
acute illness that may increase the risk for complications 
from the sedation or the procedure itself. After a thorough 
description of the procedure to the parents and to the pa¬ 
tient, if the child is able to understand, written informed 
consent must be obtained. One of the major risks of flexi¬ 
ble bronchoscopy is aspiration of gastric contents. Infants 
younger than 6 months should not take anything by 
mouth for 3 to 4 hours before the procedure, older infants 
and toddlers for 4 to 6 hours, and older children 8 hours, 
to ensure an empty stomach. 

Flexible laryngoscopy may be performed in infants and 
cooperative older children with only topical anesthesia 
because it causes no more trauma than nasopharyngeal 
suctioning and can be equally brief when done by an expe- 
rienced operator. When the bronchoscope is to be passed 
below the glottis, intravenous access is recommended. 

For psychological support and patient comfort, parents 
should be allowed to stay with the patient as long as pos- 
sible before starting the procedure. However, they should 
not overstimulate the patient, especially when conscious 
sedation is used. The importance of a calm, nonstimulat- 
ing atmosphere in the bronchoscopy area cannot be over- 
stated. This may be achieved by low-level lighting, calm 
and quiet actions by the bronchoscopist and support per- 
sonnel, and a smooth prebronchoscopy routine. Premedi- 
cation with a benzodiazepine 30 to 60 minutes before the 
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Equlpment and Supplies for Pediatric Flexible Bronchoscopy 

Bronchoscope with light source 

• Sedatives 

Endotracheal tube swivel adapter 

• Diazepam 

Water-soluble lubricant 

• Fentanyl 

Monitoring equipment 

• Meperidine 

• Cardiac monitor with electrode patches 

• Midazolam 

• Pulse oximeter with probes 

• Morphine 

• Respiratory monitor 

• Aerosols 

• Sphygmomanometer 

• Albuterol 

• Stethoscope 

• Racemic epinephrine 

Oxygen and aerosol equipment 

• Emergency drugs 

• Aerosol mask 

• Atropine 

• Cannula with nasal prongs clipped 

• Bicarbonate 

• Flow meter 

• Epinephrine (1:1 000) 

• Nebulizer 

• Flumazenil 

• Oxygen mask with nose cut out 

• Furosemide 

• Oxygen source 

• Intravenous corticosteroids 

• Oxygen tubing with connectors 

• Naloxone 

Specimen collection equipment 

• Phenobarbital 

• Biopsy forceps 

• Succinylcholine 

• Channel brush 

Resuscitation equipment 

• Fixative 

• Bite block 

• Glass slides 

• Endotracheal tubes 

• Lukens trap 

• Laryngoscope with blades 

• Retrieval baskets and cages 

• Oral airways 

• Syringes with nonbacteriostatic saline for bronchoalveolar 

• Resuscitation bag with oxygen tubing attached 

lavage 

• Stylets 

• Transport media 

Extra batteries for laryngoscope 

Suction equipment 

Extra lightbulbs 

• Sterile gloves 

Facemasks 

• Suction canisters 

Video camera with recording equipment 

• Suction catheters 

Bronchoscopist and assistant equipment 

• Suction tubing 

• Eye protectors 

• Tonsil-tip or Yankauer-type suction catheter 

• Gloves 

• Vacuum suction source 

• Gown 

Intravenous equipment 

• Mask 

• Isotonic saline 

• Scissors 

• Intravenous infusion sets 


• Syringes with flush solution 


Medications 


• Topical anesthetics 


• Lidocaine solution (1% to 2%) 


• Lidocaine viscous (2%) 



procedure can help the patient relax before starting the 
procedure. 

Personnel 

Typically the flexible bronchoscopy team includes a bron- 
choscopist, a nurse, a respiratory therapist, and the clini- 
cian providing conscious sedation. All team members 
should be informed of the patient’s diagnosis, indication 
for bronchoscopy, allergies, and biological risks to the 
patient and team members. In addition, the team should 
be fully informed of the planned procedures and any dif- 
ficulties that may arise. Everyone should wear a clean pro- 
tective gown, gloves, mask, and eye protection. All body 


fluids, including bronchoalveolar lavage specimens, should 
be håndled carefully using universal precautions. 

Personnel safety is increased by identifying patients 
with potentially transmissible pathogens, such as hepati¬ 
tis viruses, human immunodeficiency virus, and Mycobac- 
terium tuberculosis. Approved high-efficiency particulate 
air (HEPA) filter masks should be worn for all procedures 
involving patients with suspected M. tuberculosis infec- 
tion, and the procedure should be performed in a room 
that meets ventilation requirements for tuberculosis. 
Patients with, or at risk of having, tuberculosis should 
be kept in a respiratory isolation room before and after 
the procedure. 
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PROCEDURE 

Most pediatric flexible bronchoscopies are performed with 
the patient in a supine position on a bed. The height of the 
bed should be adjusted to the bronchoscopist’s comfort 
level. When the patient and bronchoscopy team are ready 
and all preparations are completed, a “time-out” proce¬ 
dure is performed according to institutional policy and 
the selected sedation is initiated. Appropriate sedation will 
decrease the patient’s anxiety, discomfort, and unwanted 
physiological effects. Nevertheless, many younger patients 
may need a gentie restraining system even when sedated. 

Conscious Sedation 

Several different conscious sedation regimens have 
been used safely and successfully for pediatric flexible 
bronchoscopy. As noted earlier, one of the most widely 
accepted is a combination of a benzodiazepine (e.g., mid- 
azolam) and a narcotic (e.g., fentanyl or meperidine) given 
intravenously. The usual pediatric dose of intravenous 
midazolam ranges from 0.05 to 0.1 mg/kg to a maximal 
total dose of 0.4 to 0.6 mg/kg (or 6-10 mg). Typically, se¬ 
dation is begun with a small dose (0.05-0.1 mg/kg) and 
is then titrated upward every 5 minutes to achieve the 
optimal sedative effect. The same approach is also used 
for intravenous fentanyl, 1 to 2 pg/kg to a maximal total 
dose of 5 to 10 pg/kg, starting with a 1-pg/kg dose and 
titrating upward every 5 minutes. Some bronchoscopists 
prefer a stronger sedative, such as intravenous ketamine 
(1 mg/kg per dose) or intravenous propofol (1-2 mg/kg 
per dose). i 

Other combinations of drugs are given intramuscularly 
and include meperidine, promethazine, and chlorproma- 
zine and the combination of droperidol, promethazine, 
and chlorpromazine. The disadvantages of intramuscular 
sedation include the inability to titrate the optimal dose of 
the medications and the lack of intravenous access in case 
of an emergency. However, the intramuscular approach is 
sometimes justified for short procedures in stable children 
with difficult intravenous access. Intranasal midazolam 
has also been shown to induce adequate sedation for pedi¬ 
atric patients undergoing endoscopic procedures or imag- 
ing studies. 8 The usual dose of intranasal midazolam 
ranges from 0.2 to 0.5 mg/kg. Regardless of the method, 
optimal sedation is achieved when the child is sleepy and 
has minimal reaction to noxious stimuli, while still main- 
taining adequate ventilation and protective airway reflexes. 
In patients who are at increased risk for cardiopulmonary 
compromise during conscious sedation, general anesthe- 
sia may be preferred. 

Topical Anesthesia 

Conscious sedation is augmented by application of the 
local anesthetic agent, 1% to 2% lidocaine, to the nasal 
cavity, posterior pharynx, vocal cords, and tracheobron- 
chial tree. Another technique is to pretreat the subject 


with a lidocaine aerosol (4-8 mg/kg) given by nebulizer. 9 
Lidocaine 2% jelly may also be applied to the nares with 
a cotton-tipped applicator or small syringe. With small 
infants, care should be taken that the total lidocaine 
dose does not exceed the maximal therapeutic range of 
3 to 4 mg/kg. Toxic lidocaine levels have been reported 
with topical airway administration. 

Patient Monitoring 

Continuous cardiac, respiratory, and oximetry monitoring 
must be performed during and after the procedure. Dur¬ 
ing the procedure the patient should be closely monitored 
for cardiac and respiratory rates and tracings, biood pres¬ 
sure, oxygen saturation, clinical airway obstruction, chest 
wall movement, peripheral perfusion, and cyanosis. Ide¬ 
ally, oxygen saturation should be maintained above 95% 
at all times, with supplemental oxygen delivered to the 
patient if necessary. 

Technique 

When the bronchoscope is balanced on the left hånd, the 
left thumb Controls the angulation lever on the control 
head and the right thumb and index finger direct the 
insertion tube at the naris (for right-handed operators). 
Routes for bronchoscopic approaches include nasal, oral, 
and endotracheal tube; tracheostomy tube; and LMA. 

The most common route for nonintubated pediatric 
patients is the transnasal approach. The flexible broncho¬ 
scope is lubricated with lidocaine jelly or another sterile 
water-based lubricant and then inserted through a nostril 
into the nasopharyngeal area. A topical decongestant (e.g., 
phenylephrine) may be administered to the nasal mucosa 
first to facilitate passage of the scope past edematous 
tissue and to reduce the risk of bleeding. The nasopharyn¬ 
geal and laryngeal anatomy is visualized. The vocal cords 
are assessed for movement and then anesthetized with 
lidocaine sprayed through a suction channel of the bron¬ 
choscope. Adequate laryngeal anesthesia is critical to avoid 
sudden laryngospasm. The bronchoscope is then passed 
through the vocal cords into the tracheobronchial tree. 
Another dose of 1% to 2% lidocaine is usually applied to 
the carina to minimize the cough reflex. The tracheobron¬ 
chial anatomy is then examined. 

If bronchoalveolar lavage is performed, the bronchos- 
copist wedges the bronchoscope in the selected seg¬ 
mental or subsegmental bronchi, and normal saline is 
instilled in three to five aliquots of up to 1 ml/kg per 
aliquot. The saline is then suctioned back through the 
suction channel. Typically, one third to one half of the 
instilled volume is recovered with suctioning. A specimen 
is usually collected in a Lukens trap and sent for microbi- 
ology or pathology studies. Ideally, if a specimen is col¬ 
lected for microbiological evaluation, suction should not 
be applied until the bronchoscope is inside the trachea to 
minimize contamination of the channel with nasopha¬ 
ryngeal secretions. In some cases, a protected catheter 
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may be introduced through the working channel and 
used to obtain a clean specimen when a larger broncho- 
scope is in use. In special cases, consultation with the 
microbiologist or pathologist beforehand ensures that 
the specimen is large enough for the requested study and 
is håndled and sent appropriately. 

During the bronchoscopy the respiratory therapist 
is often responsible for connecting and disconnecting 
suction, attaching normal saline syringes and traps for 
lavage, and giving certain transbronchoscopic medica- 
tions. The therapist and assisting nurse may divide 
responsibility for monitoring the patient’s oxygenation 
and respiratory status, stabilizing the patient’s head and 
upper airway, and comforting the patient. Because the 
bronchoscopist is focused on the procedure, the therapist 
and nurse are responsible for detecting and promptly 
notifying the bronchoscopist of any untoward patient 
occurrence. In most instances, the licensed independent 
practitioner providing conscious sedation will provide 
this function. The respiratory therapist is also responsible 
for assisting in emergency respiratory management, such 
as maintaining patency of the patient’s airway, suctioning 
oropharyngeal secretions, handling emergency equipment, 
and giving certain respiratory medications. 

A PEEP-Keep is used when performing flexible bron¬ 
choscopy in a patient through an endotracheal tube or 
LMA. In a patient who is being mechanically ventilated, 
the risk of further compromise to the patient’s respiratory 
condition is higher with a partially occluded endotracheal 
tube. Special considerations should be made for maximiz- 
ing the patient’s ventilation and oxygenation and com- 
pensating for air leaks and increased resistance that may 
occur. In this situation the respiratory therapist or anes- 
thesiologist is responsible for ventilator adjustment and 
stabilization of the endotracheal tube. It is often neces- 
sary to remove the patient from the ventilator to provide 
ventilation by bag-valve mask (Ambu bag) during the 
procedure. 

POSTPROCEDURAL 
MONITORING AND 
COMPLICATIONS 

Monitoring of the patient must continue after the proce¬ 
dure until the patient has fully awakened or has returned 
to preprocedural baseline status. Children, particularly 
anxious toddlers, often require large doses of medications, 
with the level of sedation increasing after the procedure, 
when the agents are still active and the child is no longer 
stimulated by the procedure. It is essential to continue 
to monitor the adequacy of the patient’s oxygenation, 
ventilation, and airway patency until the sedation has 
completely resolved. Breath sounds should be monitored 
for the development of any stridor or wheezing after the 
procedure. To prevent aspiration, oral fluids are withheld 
until the patient is fully awake and the topical laryngeal 


anesthesia has worn off, usually about 1 hour after admin- 
istering the topical anesthetic. 

In general, flexible bronchoscopy is a safe and well- 
tolerated procedure in pediatric patients, especially when 
it is performed by an experienced bronchoscopy team that 
employs careful monitoring and takes appropriate precau- 
tions. Patient risk factors for adverse events include upper 
airway pathology, preprocedure hypoxemia, and weight 
less than 10 kg. The most common complications include 
transient cough, respiratory depression, hypoxemia, hy- 
percapnia, and bronchospasm during the procedure. 10 
Cough is almost universally seen during and after the pro¬ 
cedure, but it is usually self-limited and resolves within 
24 hours. Minor epistaxis is common and does not re¬ 
quire therapy. Respiratory depression is usually associated 
with oversedation and sometimes requires reversal agents. 
Any bronchospasm is relieved promptly in most patients 
by bronchodilator aerosol treatments. 

A less common but potentially more serious complica- 
tion is laryngospasm. This problem can be avoided by 
application of topical lidocaine to the vocal cords. If 
laryngospasm occurs, the bronchoscope must be with- 
drawn immediately and airway resuscitation initiated. 
These measures include jaw thrust, suction of secretions, 
and mask ventilation. Rarely, laryngospasm may become 
life threatening and require paralysis and endotracheal 
intubation. 

Up to 20% of patients may have fever after bronchoal- 
veolar lavage, but pneumonia is uncommon. 10 Subglottic 
edema is the most common complication of rigid bron¬ 
choscopy but is very unusual with flexible bronchoscopy. 
Other more serious complications, including arrhythmias, 
pulmonary hemorrhage, and pneumothorax, are seldom 
encountered during pediatric flexible bronchoscopy. 
Deaths are extremely rare, with no bronchoscopy-related 
mortality reported in more than 3500 pediatric flexible 
bronchoscopy procedures. 10,11 

EQUIPMENT MAINTENANCE 

Because the bronchoscope and its accessories are ex¬ 
tremely fragile and expensive, special attention must be 
taken during cleaning and maintenance procedures. 
Proper care can increase the life spån of the equipment, 
decrease repair and replacement costs, and reduce the 
potential risk of cross-contaminadon. Handling requires 
the avoidance of any excessive angulation or twisting of 
the scope, actions that can damage the quartz fiber bun¬ 
dles. Inadequate disinfection of a bronchoscope can result 
in serious adverse outcomes to a patient. The organisms 
most often responsible for cross-contamination between 
bronchoscopies are Mycobacterium and Pseudomonas spp. 

The flexible bronchoscope should be cleaned immedi¬ 
ately after each procedure. Soak the instrument in enzymatic 
detergent for at least 5 to 10 minutes. Dried secretions or 
biood will prevent penetration of the disinfecting agent. 
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Therefore the exterior surface should be wiped or gently 
scrubbed with a soft cloth or brush. The sucrion port 
should be irrigated and flushed with detergent solution 
and then scrubbed with a short, thick brush. The suction 
channel should be scrubbed with a long, thin brush, and 
afterward the brush should be examined for retained 
biood or mucus. It may be necessary to run the brush 
through the channel a number of times until it is clear of 
debris. If the suction valve is not disposable, it should be 
disassembled and flushed thoroughly with a cleaning solu¬ 
tion. Because flexible bronchoscopy is not a sterile proce¬ 
dure, cleaning a bronchoscope does not require routine 
sterilization and high-level disinfection has been consid- 
ered satisfactory. High-level disinfection is a cleaning 
method that inactivates all viruses, fungi, and vegetative 
microorganisms but not necessarily all bacterial spores. 
The most common agent used is 2% alkaline glutaralde- 
hyde. Immersion in glutaraldehyde for 20 minutes can 
destroy virtually all pathogens surviving on a well-cleaned 
bronchoscope. 12 

Because of increasing concern about more virulent 
and resistant microorganisms, many centers are adopting 
routine sterilization of their bronchoscopes. Two highly 
effective methods against all types of microorganisms are 
ethylene oxide gas sterilization and peracetic acid sub- 
mersion. Ethylene oxide is noncorrosive and able to pen- 
etrate all portions of the bronchoscope without requiring 
high pressures. However, a venting cap must be placed to 
equalize the pressure between the interior and the exte¬ 
rior of the bronchoscope. The major disadvantage of 
ethylene oxide sterilization is that it is time-consuming, 
taking at least 12 to 16 hours to complete the process. 
An alternative method is the STERIS system (Figure 7-3), 
an automated, microprocessor-controlled device using a 
sterilant concentrate, peracetic acid, as the active biocidal 
agent. This Chemical sterilization process requires only 
25 minutes. Once the disinfection or sterilization process 
is completed, the bronchoscope is rinsed with tap water 



FIGURE 7-3 Correct placement of flexible bronchoscope in 
STERIS cleaning apparatus, used for Chemical sterilization of the 
instrument. 


and may be wiped with alcohol before storage in a dry, 
clean cabinet. 

COM PARISON WITH RIGID 
BRONCHOSCOPY 

Rigid bronchoscopy is most often performed in the oper¬ 
ating room by surgeons or otolaryngologists, with general 
anesthesia administered to the patient by an anesthesiolo- 
gist. This rigid bronchoscope has some advantages over 
flexible bronchoscopy, including its relatively large inter¬ 
nal diameter, improved anatomical definition, the ability 
to provide ventilation during the procedure, and the abil¬ 
ity to use larger instruments. It is particularly useful in 
removal of a foreign body or when laser therapy is 
required. Relative disadvantages of rigid bronchoscopy 
include the inability to allow inspection of distal airways, 
the inability to assess the dynamic and natural State of the 
airways, and the complications associated with general 
anesthesia. Thus the risks and benefits of each procedure 
must be carefully considered for each patient before choos- 
ing the bronchoscopic method. The two procedures may 
be coordinated and performed sequentially in the operat¬ 
ing room for different diagnostic and therapeutic pur¬ 
poses in select patients. 


CASE STUDY 


You are called to the bedside ofa 4-year-old giri in the intensive 
care unit (ICU). The patient was born 24 weeks premature 
and has a history of bronchopulmonary dysplasia requiring 
tracheostomy and ventilator support; she was admitted for 
respiratory distress. At home she is on a tracheostomy heat 
moisture exchanger (HME) during the day and ventilator 
support at night. Over the past several days she has been 
unable to come off her ventilator during the day because of 
lower saturation requiring increased Fi 02 and higher PEEP 
and peak inspiratory pressure (PIP). She has also been spiking 
high fevers, and her chest x-ray examination shows worsening 
areas of atelectasis and collapse. The ICU has requested a 
flexible bronchoscopy to further evaluate her airway. While 
examining the airway, you encounter what appears to be a 
foreign object in the left mainstem bronchus. 

What is your next action? (Note: More than one answer 
may be acceptable.) 


See Evolve Resources for answers. 

| KEY POINTS 

• Flexible bronchoscopy allows for the examination 
of the lower airway and collection of diagnostic 
specimens, including cultures and biopsy material. 
Therapeutic intervention may also be possible. Rigid 
bronchoscopy is indicated when the information 
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obtained will be of higher quality or when the safety 
of the procedure is enhanced. 

• The performance of safe and efficient bronchoscopy 
requires adequate preparation. All equipment should 
be readily available on a cart. All medications should 
be drawn up beforehand. The light sources and video 
equipment should be tested. The patient should be 
prepared; a child life service is very helpful in this 
regard. The consent must be signed and placed in 
the chart. The child should have nothing by mouth, 
following institutional guidelines for conscious seda- 
tion or general anesthesia. A time-out procedure 
should always be performed. 

• Close monitoring of the patient is critical for safe 
performance of bronchoscopy. In most cases the 
heart rate, respiratory rate, and saturation will be 
continuously monitored. Biood pressure will be mea- 
sured frequently according to directives related to 
conscious sedation policies. Frequent inspection and 
auscultation of breathing should be performed. 
Ideally, saturation should be maintained above 95% 
and supplemental oxygen should be used when 
necessary. During conscious sedation a licensed 
independent practitioner should be available to 
monitor the patient. Common complications include 
cough, transient hypoxia, respiratory depression, and 
wheezing. Complications should be anticipated, and 
sufficient personnel and resources to manage them 
must be available. 

• The safe use of the equipment requires reliable and 
consistent cleaning between procedures. The bron- 
choscope must be soaked in enzymatic solution 
sufficiently long enough to loosen biological material. 
The bronchoscope should be scrubbed with detergent, 
and the suction and working channels should be 
meticulously cleaned with a serub brush. High-level 
disinfeetion or gas sterilization is then performed. 

An institutional cleaning protoeol should be used to 
ensure consistency of performance. 


| ASSESSMENT QUESTIONS 


See Evolve Resources for answers. 


1. Flexible bronchoscopy is commonly performed in all 
the following settings except: 

A. Operating rooms 

B. Bronchoscopy suites 

C. Pulmonary clinic rooms 

D. Intensive care units 

E. Procedure rooms 

2. The most common diagnostic indication forflexible 
bronchoscopy in infants is: 

A. Stridor 

B. Wheezing 

C. Hoarse voice 

D. Persistent atelectasis 

E. Difficult intubation 


3 . Which of the following disorders may cause only 
inspiratory stridor? 

A. Vocal cord dysfunetion 

B. Laryngomalacia 

C. Vascular ring 

D. Cardiomegaly 

E. Bronchial foreign body 

4 . Airway dynamics can be disrupted by: 

A. General anesthesia 

B. Conscious sedation 

C. Topical lidocaine 

D. Intranasal midazolam 

E. Sleep 

5 . Flexible bronchoscopy is indicated in the evaluation 
of wheezing in all the following settings except: 

A. Wheezing that is unilateral 

B. Wheezing that has been present since birth 

C. Wheezing that is refractory to asthma therapy 

D. Wheezing that is triggered by viral infeetions 

E. Wheezing associated with persistent 
atelectasis 

6. Bronchoalveolar lavage may be performed to 
look for: 

A. Infection 

B. Malignancy 

C. Bleeding 

D. Aspiration 

E. All of the above 

7 . The only absolute contraindication to flexible 
bronchoscopy is when: 

A. The diagnosis could be obtained by open lung 
biopsy 

B. The patient is hypoxemic 

C. The patient requires intubation and mechanical 
ventilation 

D. The patient is febrile with acute pneumonia 

E. The risks of bronchoscopy outweigh the potential 
benefits of the procedure 

8. A 3-year-old child is intubated with a 4.5-mm 
endotracheal tube and is mechanically ventilated 
for severe pneumonia. The respiratory therapist is 
asked to set up a bronchoscope for bronchoalveolar 
lavage to obtain microbiology specimens. What is 
the most appropriate scope forthis procedure? 

A. 1.8 -mm nondirectable “spaghetti” 
bronchoscope 

B. 2.2-mm directable flexible bronchoscope without 
suction channel 

C. 2.7-mm directable flexible bronchoscope with 
suction channel 

D. 4. 5-mm directable flexible bronchoscope with 
large suction channel 

E. 4.0-mm rigid bronchoscope 

9 . Topical anesthesia of the airway may be 
achieved by: 

A. Intranasal administration of midazolam 

B. Intravenous administration of fentanyl 

C. Intravenous administration of midazolam 

D. Airway i nsti Mation or nebulization of lidocaine 

E. Airway i nsti Mation or nebulization ofa topical 
corticosteroid 
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12. Acceptable cleaning and decontamination ofa 

flexible bronchoscope include all the following except: 

A. Washing the exterior and channel of the scope 
with a detergent solution 

B. Immersion in 70% ethanol solution 

C. Immersion in 2% alkaline glutaraldehyde solution 

D. Ethylene oxide gas sterilization 

E. Immersion in peracetic acid 


10. During a bronchoscopy, the respiratory therapist may 
do each of the following except: 

A. Connect and disconnect suction and specimen 
traps 

B. Administer supplemental oxygen as needed 

C. Administer saline lavages or transbronchoscopic 
medications 

D. Administer conscious sedation medications 

E. Assist in emergency airway management 

11 . The most common complication after flexible 
bronchoscopy is: 

A. Cough 

B. Wheezing 

C. Hemoptysis 

D. Fever 

E. Pneumothorax 
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LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 


1. Describe indications for obtaining biood gas samples 

6. Describe invasive, semi-invasive, and noninvasive 

2. Identify common anatomical sampling sites used to 

techniques for monitoring cardiac output and index 

obtain biood gases 

in children 

3. Describe potential patient and caregiver complications 

7. Discuss various measurements that can be used to 

associated with biood gas sampling 

determine the adequacy of cellular oxygenation 

4. Interpret a complete hemodynamic profile ofa patient 

8. Identify variables that can shift the oxygen dissociation 

5. Illustrate the progression of biood pressure waveforms 

c urve 

seen during the proper placement ofa pulmonary 


artery catheter 


KEY TERMS 


Arterial biood gas Cardiac index Central venous oxygen saturation 

Capillary biood gas Cardiac output Central venous pressure 

Carboxyhemoglobin Central venous catheter Cutdown method 
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Fetal hemoglobin 

High position 

Low position 

Mean arterial pressure 

Methemoglobin 

Modified Allen’s test 


Percutaneous method 
Peripheral artery catheter 
Pulmonary artery catheter 
Pulmonary artery pressure 
Pulmonary capillary wedge 
Pulse pressure 


Right atrial pressure 
Serum lactate 
Umbilical artery catheter 
Venous biood gas 


Biood gases are considered the most effective test for eval- 
uating the efficiency of gas exchange and cardiopulmonary 
interaction. Evaluating an infant or child with respiratory 
impairment requires the analysis of biood gases in umbili¬ 
cal, arterial, capillary, or mixed venous biood samples. To 
interpret these biood gas values correctly, the clinician 
must understand acid-base balance and gas exchange 
and be able to recognize normal and abnormal biood gas 
values. The techniques of biood gas sampling can affect 
the results. This chapter reviews the procedures, indica- 
tions, complications, and contraindications for each tech- 
nique. It also reviews various clinical techniques that are 
used to monitor and evaluate cardiac performance, re- 
sponse to therapeutic interventions, and severity/progres- 
sion of disease processes in pediatrics. It is beyond the 
scope of this chapter to describe noninvasive methods to 
measure gas exchange. Chapter 9, Noninvasive Monitoring 
in Neonatal and Pediatric Care, provides a complete Over¬ 
View of these concepts. 


BLOOD GAS SAMPLING 

Biood gas sampling may occur from arterial (ABG), venous 
(VBG), or capillary (CBG) sites. Biood gas analysis (BGA) is 
indicated when an accurate measurement of acid-base bal¬ 
ance or pulmonary gas exchange is required. 1 This analysis 
may be needed for a variety of reasons (Box 8-1). 2 Figure 8-1 


Box 8-1 


Indications for Biood Gas Analysis 


To evaluate ventilation (Paco 2 , Pvco 2 , Pcco 2 ) 

To evaluate acid-base balance (pH, Paco 2 _ Pvco 2 , PcC 0 2 ) 
To evaluate oxygenation (Pao 2 , oxyhemoglobin) 

To evaluate the oxygen-carrying capacity (Pao 2 , oxyhemo¬ 
globin, hemoglobin, dyshemoglobin) 

To evaluate intrapulmonary shunt 
To quantify response to therapy 
Supplemental oxygen 
Mechanical ventilation 
To assist in diagnosis 

To monitor the severity or progress ofa disease 
To assess early goal-directed therapy (EGDT) in patients 
with sepsis, septic shock, and after major surgery (Scvo 2 ) 

• To assess inadequacy of circulatory response 

Pac02, Partial pressure of carbon dioxide in arterial biood; Pao2, partial 

pressure of oxygen in arterial biood. 


shows the various anatomical sites that provide access 
for percutaneous arterial puncture and catheterization; 
Figures 8-2 and 8-3 show recommended sites for capillary 
puncture. Venous biood gas sampling can occur at any 
site approved for venipuncture for routine purposes. 

Pain Control 

Biood gas sampling can be a painful procedure, but the 
resulting information is often a vital part of patient 
management. Because painful procedures do not al- 
ways evoke vigorous pain responses in critically ill 
newborns, many believe that such newborns are not be- 
ing affected by pain. 1 However, infants probably have a 
higher sensitivity to painful procedures than older age 
groups. 4,5 For infants more than 4 months of age and 
for children, anesthetic cream or a lidocaine injection 
may be used to control the pain felt during a biood gas 
procedure. 6 For nonintubated infants and premature 
newborns, a pacifier dipped in 24% sucrose is effective 
in helping to ameliorate the effects of pain. If the new- 
born is intubated, the sucrose can be administered as 
drops on the tongue or palate from an oral medication 
syringe. 7 Depending on the type and duration of proce¬ 
dure, more potent short-acting analgesic or anesthetic 
agents may be appropriate. 8 

Arterial Sampling Sites 

Figure 8-1 illustrates potential sites for arterial puncture 
or catheterization in infants or children. Arterial sampling 
sites provide the most accurate biood gas results. The bra- 
chial and femoral sites are usually avoided because both 
feed large distal networks and neither has collateral circu- 
lation. Also, the brachial pulse is difficult to palpate in in¬ 
fants and small children because of the naturally large fat 
pad located in that area of the arm. Injury to the brachial 
nerve can also result in serious complications. Only a 
highly skilied clinician should perform a brachial artery 
puncture if necessary. 

In a child, the femoral artery is reserved for an emer- 
gency, and then only as a last resort. In the neonate or 
infant, the femoral artery lies close to the femoral vein, 
nerve, and hip joint, and because of their proximity, dam¬ 
age inflicted on any one of these structures by femoral 
puncture is likely to cause severe complications and is thus 
not indicated for this population. 9 

The preferred site in both neonatal and pediatric popu¬ 
lations is the radial artery. The radial artery provides good 
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FIGURE 8-1 Arterial sites that may be used for peripheral artery puncture in infants and children. 



FIGURE 8-2 Recommended puncture sites (shaded areas ) in 
infant’s heel to obtain capillary biood for analysis. 



FIGURE 8-3 Technique for grasping the finger for a capillary 
puncture, with recommended site for puncture indicated 
(shaded area). 


access as well as collateral circulation to the hånd by the 
ulnar artery. There are usually no nerves or veins directly 
adjacent to the radial artery, and the patient’s wrist is 
easier to manipulate than other body parts. The bone and 
firm ligaments of the wrist make it easy to palpate, stabi- 
lize, and compress the radial artery. 1 - A modified Allen’s 
test (described in the next section) is performed to ensure 
collateral circulation around the radial artery and to avoid 
complications. The ulnar artery should be avoided be- 
cause it runs adjacent to the ulnar nerve. 

The dorsalis pedis or posterior tibial artery is consid- 
ered if the radial artery shows signs of poor collateral 
circulation. In addition, the temporal artery provides an 
alternative site for the premature or newborn infant. 
Access is generally good because two branches are close to 
the scalp. In most premature and neonatal patients, the 
temporal artery branches are larger than the radial artery. 

Modified Allen’s Test 

The modified Allen’s test is used to verify the presence of 
collateral circulation to the hånd and should be per¬ 
formed to confirm whether poor circulation exists be- 
fore puncturing the radial, posterior tibial, or dorsalis 
pedis artery. To assess biood flow to the hånd, hold the 
child’s wrist with both hånds, thumbs on top. Ask the 
child to make a tight fist, and then occlude the radial 
and ulnar arteries by pressing down on them with the 
thumbs, one on each artery. Keeping both arteries 
occluded, ask the child to unclench the fist and note 
whether the palm is blanched, which indicates impaired 
biood flow. Then remove the pressure from the ulnar 
artery. The palm will become pink within 5 seconds if 
the ulnar artery is patent and able to provide collateral 
circulation. 

The passive method for performing the modified 
Allen’s test, used on an infant or child who cannot follow 
commands, is performed by gently squeezing or elevating 
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the hånd while occluding both arteries. Once the ulnar 
artery is released, the results are interpreted as previously 
described. 1 Allen’s test can also be used to verify collateral 
circulation when using one of the arteries of the foot as a 
puncture site, by elevating the foot and compressing the 
dorsalis pedis and posterior tibial arteries. Collateral circu¬ 
lation is confirmed by releasing pressure from the artery 
that will not be punctured and assessing the nail beds and 
sole of the foot for return of biood flow. 1,7 


ARTERIAL PUNCTURE 

When infrequent sampling is required, arterial biood gas 
samples are obtained by arterial puncture. This procedure 
involves percutaneously puncturing one of the aforemen- 
tioned peripheral artery sites. Obtaining a biood gas sample 
from an infant or child is generally more difficult than in an 
adult and requires more patience, skili, and time. However, 
an experienced clinician using proper technique can quickly 
obtain a sample that yields accurate results. Two individuals 
are helpful when performing an arterial puncture on a child 
who is too young to understand the need for the test but 
strong enough to react to the procedure. On a small infant 
or neonate, a transilluminating light placed behind the 
wrist may help visualize the location of the radial artery. 1. 

Procedure 

Performing a successful arterial puncture requires knowl- 
edge of the anatomy involved and proficient technical 
skilis. Collect the equipment required for the arterial 
puncture (Box 8-2). Use the following sequence of techni¬ 
cal steps as a guideline for performing the puncture. 1,7 

1. Wash hånds and adhere to universal precautions for 
bloodborne pathogens, using proper-fitting examina- 
tion gloves, along with eye and splash protection. 1,9 ' 11 

2. Palpate the pulse at various sites (see Figure 8-1) to 
determine the best site for testing. 

3. Perform the modified Allen’s test if appropriate for the 
artery being sampled. 

4. Use an assistant to help restrain the child and immobi- 
lize the limb if required. 


Box 8-2 


Equipment for Arterial Puncture and 
Biood Gas Collection 


1-ml preheparinized tuberculin syringe 
25-gauge needle or preheparinized* 25-gauge butterfly 
needle infusion kit 
Correctly fitting examination gloves 
Povidone-iodine and alcohol wipes 
Sterile gauze 

Needle-capping and protection device 
Eye and splash shield 
Patient label 

*Use dry heparin or expel liquid heparin from the syringe and needle 
hub or butterfly set before starting the procedure. 


5. Serub the puncture site with an approved antiseptic 
swab and allow to air dry, or use a sterile gauze pad. 
Do not blow on the site to dry it. 

6. Palpate the artery again, and position the index and 
middle finger of the nondominant hånd to stabilize 
the artery. 

7. Maintain a clean held around the syringe and syringe 
kit while opening it. Prepare the kit for use, and hepa- 
rinize the syringe if required. Remember to expel the 
heparin completely from the barrel of the syringe and 
hub of the needle. 

8. Insert the needle of the syringe or butterfly catheter 
into the artery at a 35- to 45-degree angle with the 
bevel up, and advance it gently. Enter the artery from 
the direction opposite, or against, the biood flow. A 
flash in the hub of the syringe or butterfly catheter 
verifies that the needle penetrated the artery and is 
located in the lumen. In the small pediatric patient 
it is quite easy to pass through the artery with the 
needle. If a good pulse is palpated and no biood return 
occurs after the needle is inserted, pull the needle back 
incrementally and continue to watch for a flash of 
biood. If resistance is met when inserting the needle, 
slowly withdraw it immediately and change direction 
because it has most likely touched the bone. 

9. Obtain the required amount of biood. Because the 
arterial pressure is usually high enough, manual aspi¬ 
ration is not required. If manual aspiration is required, 
however, the barrel of the syringe is withdrawn slowly. 
When using a butterfly catheter, attach the syringe to 
the catheter and slowly aspirate the correct amount of 
biood into the syringe. Maintain the sample amount 
as close to the technically feasible minimal volume as 
possible. 2, 

10. After obtaining the sample, withdraw the needle and 
immediately apply firm pressure to the puncture site 
with a sterile gauze pad for at least 5 minutes. Apply 
pressure for a longer period if the patient has a coagu- 
lopathy or is receiving anticoagulation therapy (e.g., 
heparin). Avoid using pressure dressings. Patients 
should not apply the pressure because they may not 
press hard or long enough. 

11. While holding the site, gently remove air bubbles from 
the sample. If using a butterfly catheter, remove it 
from the syringe. 

12. Continue compressing the site, and seal the syringe 
with a one-handed safety cover device to prevent expo- 
sure of the sample to air. Gently roli the syringe 
between the hånds or fingers to mix the heparin with 
the specimen.- 

13. Immediately apply the proper patient label to the 
specimen according to institutional policy. 

14. For accurate results, analyze the sample immedi¬ 
ately, or analyze room temperature samples within 
10 to 15 minutes after they are drawn. Samples 
placed on ice should be analyzed within 1 hourd 2 
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Contraindications 


The major contraindication to an arterial puncture is lack 
of collateral circulation. Punctures should not be per- 
formed at sites where the extremity has previously 
blanched, which may result from arterial obstruction or 
spasm. Punctures should not be performed through a site 
distal to or through a surgical shunt, as in a dialysis pa¬ 
tient. If a limb is infected or shows evidence of peripheral 
vascular disease, an alternative site should be selected. 10 

Complications 

Hematoma formation is the most common complication 
during arterial puncture and is seen more often in brachial 
than in radial artery punctures. Complications can be 
minimized by immediately applying adequate pressure to 
the puncture site after the needle is withdrawn. As with any 
invasive procedure, infection is a possible complication but 
is relatively low with aseptic technique. Scarring, laceration 
of the artery, and hematoma formation are more likely to 
occur with repeated puncture of an artery. 8 Alternating 
puncture sites decreases this risk. Other complications as- 
sociated with arterial punctures in infants and children in- 
clude nerve damage, bleeding, obstruction of the artery by 
clots or spasms, trauma to the artery, and pain. 

Because the median nerve is close to the brachial artery, 
the nerve may be punctured as well during the procedure, 
which will cause intense pain down the arm. Because the 
posterior tibial artery and nerve are also close to one an- 
other, special care should also be taken to avoid nerve 
damage during puncture of this artery. Although the 
femoral artery is much easier to puncture, complications 
in infants tend to occur more often, including thrombosis, 
nerve damage, and necrosis of the head of the femoral 
bone. 

Although gloves are worn and universal precautions ap- 
plied during all arterial punctures, needle sticks remain a 
risk to the clinician and are the most common source of 
transmission of bloodborne pathogens to health care 
workers. 2, 8,9,13 Most of these complications are avoided 
by having only thoroughly trained and highly skilied clini- 
cians perform a puncture. 


CLINICAL HIGHLIGHT 


Arterial complications are more severe than most capillary 
and venous complications. Special care should be taken to 
rule out contraindications to arterial puncture. Collateral 
circulation should also be verified via active or passive 
modified Allen’s test before arterial puncture. 


CAPILLARY BLOOD GAS 
SAMPLES 

Capillary biood gas sampling provides a common alter¬ 
native to ABG analysis in the infant or child. Punctures for 


capillary samples are less invasive than arterial punctures, 
are easier and quicker to perform, and can be used when 
there is no arterial catheter for drawing ABG samples. 13,14 
Drawing a CBG sample is usually less painful, but local 
anesthetic application helps alleviate pain associated with 
the procedure. 6,7,15 

In general, a CBG sample correlates best with arterial 
pH and carbon dioxide tension (Paco 2 ) values. Correlation 
of capillary samples with arterial samples varies depending 
on the parameters measured. 10,16,17 When a capillary sa¬ 
mple site is adequately “arterialized” and puncture and 
sampling procedures are performed correctly, the pH and 
carbon dioxide partial pressure (Pco 2 ) of capillary samples 
can accurately reflect those of arterial samples. Often, cap¬ 
illary Po 2 is lower than arterial values; however, given a 
clinically acceptable difference between capillary Po 2 and 
Pao 2 the capillary Po 2 may trend with increases and de¬ 
creases in arterial values. 11,16 Although some studies have 
shown a significant correlation between capillary Po 2 and 
Pao 2 , the use of capillary Po 2 to determine oxygenation is 
currently not recommendedc The accuracy of capillary 
biood gas values is severely attenuated by the presence of 
hypotension, hypothermia, hypovolemia, and lack of per¬ 
fusion. 12 Conversely, correlation of capillary and arterial 
biood gas values improves with hypoxemia, as venous and 
arterial Po 2 converge. Special consideration should be 
given to patients with circulatory defects. Decreased 
venous return, secondary to cor pulmonale or decreased 
cardiac output, leads to venous congestion and peripheral 
pooling, which may result in an increase in Pco 2 . 
Conversely, increased biood flow may result in decreased 
capillary Pco 2 . 13 

Although capillary punctures are less invasive, it is 
necessary to obtain an arterial sample at some point to 
ensure correlation and accuracy regardless of the specific 
marker being evaluated. Using noninvasive monitors such 
as pulse oximeters or transcutaneous oxygen/carbon diox¬ 
ide monitors to evaluate oxygenation and ventilation 
when arterial samples are not obtained is an effective way 
to eliminate the need for frequent CBGs. 12 However, many 
factors that lead to inaccurate CBG sampling may also 
affect the accuracy of monitoring (see Chapter 9, Nonin¬ 
vasive Monitoring in Neonatal and Pediatric Care). 1 

Puncture Sites 

The least hazardous puncture site for infants is the postero- 
lateral foot, just anterior to the heel (Figure 8-2). 1,11 The 
posterior heel curvature and back of the heel must be 
avoided because the lancet could puncture the bone and 
result in calcaneous osteomyelitis. Do not perform a capil¬ 
lary puncture on the medial aspect of the heel, which is the 
location of the posterior tibial artery. For children and some 
infants, use the palmar or fleshy surface of the distal aspects 
of the fingers (middle or ring) and toes (Figure 8-3). 10,11,13 
The earlobes are a secondary site for puncture in children. 
In general, avoid punctures on the fingers and toes of 
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neonates because of the higher risk of nerve damage in this 
area. 11,13 Previous puncture sites or inflamed areas with an 
apparent or possible infection should not be used. As previ- 
ously discussed, extremities with localized swelling or edema 
should be avoided because of the effect of extracellular or 
interstitial fluid on sample accuracy. Cyanotic areas should 
also be avoided. 13 

Procedure 

Successful capillary puncture is not complicated, but it 
does require proficient technical skiil. Collect the equip- 
ment required (Box 8-3), and use the following sequence of 
steps as a guide to collect a CBG sample. 1, 11 

1. Select a puncture site and warm the area for S to 
10 minutes. Use a warm (greater than 37° C but less 
than 42 to 45° C) wet cloth or disposable warming 
pack, and apply with caution. ■ 

2. Give a 12% to 24% sucrose solution pacifier 2 minutes 
before the procedure, or apply an anesthetic cream or 
subcutaneous injection for pain control. 3,5 ' 7 

3. Wash hånds and adhere to universal precautions for 
bloodborne pathogens, using proper-fitting examination 
gloves, along with splash protection. 8,9 

4. Remove the warming device. Clean the site with an 
antiseptic, and dry with a sterile gauze pad; alcohol will 
hemolyze the biood. 

5. Immobilize the area by properly grasping the hånd or 
foot (see Figures 8-3 and 8-4) and stabilize the area by 
anchoring the hånd or foot on a hard surface. Use an 
assistant to help restrain a child, and immobilize the 
limb if required. Restrain infants by swaddling them in 
a blanket. 7 

6. Finger or toe stick: Flold the digit (patient’s finger or 
toe) with the thumb and forefinger, supporting the 
digit behind or close to the nail (see Figure 8-3). Keep 
fingertips well away from the puncture site. 

7. Fleel stick: Consider using venipuncture or a digit first, 
because either may be less painful and require less resam- 
pling. 3 " 7 Flold the heel gently but firmly. Wrap the forefin¬ 
ger around the infant’s upper heel and ankle while holding 
the arch of the foot with the thumb (see Figure 8-4). 



FIGURE 8-4 Technique for stabilizing the heel for a capillary 

puncture. 

8. Position the lancet. 

a. For a finger or toe stick, hold the lancet at a 10- to 
20-degree angle to the longitudinal axis of the 
phalangeal bone. Do not direct it into the bone. 

b. For a heel stick, hold the lancet between the thumb 
and index finger of the opposite hånd, perpendicu- 
lar to the puncture site. 

9. Poke the point of the lancet into the skin with one 
continuous, deliberate motion. Correct depth de- 
pends on the infant, but 1 to 2 mm is generally suffi¬ 
cient to produce a free-flowing drop of biood. 16,17 
Use a mechanical puncture when available because 
most produce consistent results with less need for 
resampling. 7,15 Avoid superficial punctures and the 
need to repeat the puncture. Do not slice, dig, or 
make multiple punctures. 1,6,7,16 Ease thumb pressure 
after the lancet is removed. 

10. Wipe away the first drop of biood, which may be con- 
taminated with intracellular, interstitial, or lymphatic 
fluids, with a dry sterile gauze pad. 

11. Apply moderate pressure to the heel or digit, without 
massaging or squeezing, until a free-flowing drop of 
biood appears. Squeezing or “milking” the sample 
may cause red biood cell hemolysis, especially in new- 
borns, because their hematocrit levels are higher and 
their red biood cells more fragile. Squeezing also re¬ 
sults in bruising and contamination of the specimen 
with lymphatic and venous drainage. 

12. Collect the biood by placing the tip of the capillary 
tube into the biood droplet without touching the 
puncture wound. Hold the capillary tube angled hori- 
zontally, or slightly downward, with the colored ring 


Box 8-3 


Equipment for Capillary Puncture 
and Biood Gas Collection 


Warming device or warm damp cloth 

Lancet and mechanical puncture device 

Lancet disposal system 

Correctly fitting examination gloves 

Alcohol wipes 

Sterile gauze 

Adhesive bandage 

Eye and splash shield 

Preheparinized capillary tubes 

Metal “flea,” magnet, and capillary tube caps (if required) 
Patient label 
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away from the infant. Keep the tube in contact with 
the biood droplet until the required amount of biood 
filis the tube, usually 40 to 125 |xl. Maintaining con¬ 
tact with the droplet limits unnecessary exposure to 
air and reduces the incidence of air bubbles in the 
sample. Do not scrape biood that has smeared onto 
the skin surface into the capillary tube. Scraping from 
the skin surface increases exposure to air and alters 
the partial pressure of the gases being measured. 1,7,9 

13. Apply pressure to the puncture site with a sterile gauze 
pad until the bleeding stops. Use an adhesive bandage 
only on children old enough not to place it in their 
mouth and possibly aspirate it. 

14. Label the tube with the proper patient information. 

15. If the sample cannot be analyzed immediately after 
collection, insert a metal mixing bead (or “flea”) into 
the capillary tube and seal it. Mix the sample by run- 
ning a magnet gently back and forth along the tube, 
and place the sample on ice; this decreases the inci¬ 
dence of sample clotting. Remove the metal flea before 
analyzing the biood. 

Contraindications 

CBG sampling should not be performed when accurate 
assessment of oxygenation or ABG values is necessary. 
CBGs should not be used for routine biood gas monitor¬ 
ing when less painful or noninvasive measurements pro- 
vide results that are more accurate. 

Capillary puncture is contraindicated in neonates less 
than 24 hours old. A newborn has a low systemic output, 
and vasoconstriction tends to be maximal during this 
stage secondary to a decrease in environmental tempera¬ 
ture and an increase in circulating catecholamines. 11,16,18,19 
CBG sampling is not recommended in a patient with 
decreased peripheral biood flow, especially in the case of 
hypotension. 11,16,20 CBG sampling may be difficult to 
perform on a patient with polycythemia (hematocrit 
greater than 65%) because of the short clotting time. 
Do not use areas that are edematous, inflamed, or infected, 
or other areas previously mentioned. Avoid heel samples 
from ambulatory children who have formed calluses on 
the soles of their feet. 7,21 

Complications 

Serious complications may result in medical management 
if capillary results do not accurately reflect the patient’s 
condition. Consider potential errors in correlation with 
arterial values before deciding on a clinical course of 
action based on CBG values. 9,11,20 

Although capillary puncture is a relatively safe proce¬ 
dure, complications have been observed. Burns have been 
reported secondary to heel warming, but using a prepack- 
aged warming kit that does not require an external heat 
source minimizes this problem. Other complications in- 
clude infection, scarring, calcaneous osteomyelitis, calcifica- 
tions, nerve damage, arterial laceration, bruising, cellulitis, 


hematoma, and bleeding. 1,10,11 Some of these complications 
may seem benign at first but lead to developmental delays in 
such milestones as grasping and walking. 


CLINICAL HIGHLIGHT 


CBG samples are more vulnerable to inaccuracies caused by 
sampling technique and site selection than ABGs and VBGs. 
Special care must be taken during CBG sampling and analysis. 


ARTERIAL CATHETERS 

For frequent biood gas sampling, an umbilical artery 
catheter (UAC) in the newborn and a peripheral artery 
catheter or arterial line in the older infant or child is used 
for critically ill patients (Figure 8-5). Arterial catheters pro- 
vide access for arterial biood pressure analysis and ABG 
sampling. UACs and arterial catheters also allow biood 
pressure monitoring in patients who are hemodynamically 
unstable. 

Umbilical Artery Catheterization 

In the infant the umbilicus typically provides ready access 
to two arteries. Facing the child, the two umbilical arteries 
are located at about the 5 and 7 o’clock positions. Prompt 
catheterization is essential in neonates because these 
vessels will undergo arterial spasm in the presence of 
increased arterial oxygen, making cannulation difficult if 
not impossible.' 

It should be noted that some congenital anomalies may 
be associated with an umbilicus with a single artery. 

Two positions are typically used to place the tip of the 
UAC. In the high position the catheter overlies the sixth 
through eighth thoracic vertebrae (T6 to T8); this position 
avoids major tributaries of the aorta because it is below the 
ductus arteriosus and above the celiac access. The low 
position is usually at the third to fourth lumbar (L3 to L4) 
space, between the renal artery and aortic intersection and 
above the takeoff of the inferior mesenteric artery. The 
UAC is placed to avoid the large tributaries supplied 
by these vessels to minimize trauma and hemodynamic 
disturbances of vital organs. 22 

The choice of high or low catheter placement is empiric. 
Hospitals tend to favor one site or the other; both are associ¬ 
ated with their own set of complications related to hypogly- 
cemia, hypotension, vasospasm, and embolic disturbances of 
organs distal to the catheter tip. A meta-analysis and litera- 
ture reviews demonstrate a small advantage when using the 
high position over the low position. 23 

The starting point for how far a catheter should be 
inserted is determined by first measuring the distance 
from the umbilicus to the shoulder. This measurement 
is then looked up on a nomogram (a diagram allowing 
computation of a function) to determine the correct 
catheter insertion distance. 24 ’ 28 
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FIGURE 8-5 An indwelling arterial line and continuous infusion/flush system used to monitor biood 
pressure and obtain biood gas samples. Exploded view shows a three-way stopcock system. A, Normal 
position with stopcock offto sampling port allows continuous monitoring of biood pressure and flushing 
of the line if using a (pigtail) flush system. B, Position to draw biood or inject flush solution to the 
patient with stopcock turned offto flush solution. C, Position to flush sample port with stopcock offto 
patient. All ports are closed at all intermediary positions. 


Using sterile technique, insert the catheter into one of 
the arteries. The artery that is less tortuous upon initial 
insertion will be easier to cannulate. Direct the tip toward 
the ipsilateral groin. The catheter is advanced with a gentie 
downward pressure, using a rotating motion to allow the 
catheter to seek the arterial lumen. Advance to a distance 
one third the infant’s body length plus 1 cm for the high 
position. Patency is confirmed by the ease of biood flow. 
Connect the UAC to a prepared fluid pressure-transducing 
system (see Figure 8-5). 7,18 

The catheter is secured by suturing it into the umbilical 
artery, and taping it to the abdomen. Chest and abdominal 
radiographs help to confirm placement. A UAC may re- 
main in place for several days to weeks as indicated by 
patient need. 1,18,24 

Peripheral Artery Catheterization 

The clinician must rely on peripheral arterial catheteriza¬ 
tion in the pediatric patient. An arterial line is also used for 


biood gas monitoring in an infant or a newborn without 
umbilical artery access. 

Arterial line placement is accomplished by using either a 
percutaneous method (through the skin) or a cutdown 
method (a small surgical stoma that allows direct visualiza- 
tion and cannulation of the isolated vessels). As previously 
noted, the most commonly used site is the radial artery; 
the posterior tibial and dorsalis pedis arteries are occasion- 
ally used. Other monitoring sites, such as the brachial 
artery, superficial temporal artery, and femoral artery, are 
rarely used because of the increased risk of complications. 
Arterial catheter sizes range from 22 to 24 gauge for a neo- 
nate and from 20 to 22 gauge for a pediatric patient. 24 

Before placing an arterial catheter, the modified Allen’s 
test previously described can be performed to observe 
collateral biood flow to the hånd or foot being punc- 
tured. 1, When performing a radial artery puncture in 
small children and infants, the use of a transilluminating 
light to locate the radial artery is helpful. 28 
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Procedure for Sampling 

Use the following procedure as a guideline for drawing a 
biood sample from an arterial or umbilical artery cathe- 
ter. 1,28 Both catheters are connected to a heparinized nor¬ 
mal saline continuous infusion/flush source and biood 
pressure-monitoring transducer (see Figure 8-5). 

1. Wash hånds and adhere to universal precautions for 
bloodborne pathogens, using proper-fitting examina- 
tion gloves, along with eye and splash protection. 8,9 

2. Uncap the locking port of the three-way stopcock. 
Apply appropriate antibacterial solution to the 
stopcock port or rubber infusion port, depending on 
institutional procedures, and allow to dry. 1 Because 
multiple syringes are required, maintain a clean held 
around the site and a place to set the syringes that are 
not in use. 

3. Attach a 3-ml syringe to the stopcock, or attach a 
syringe with a 25-gauge needle to the infusion port 
(see Figure 8-5, A). 

4. Turn the stopcock ofif to continuous infusion/flush 
line, aspirate 1.25 to 2 ml of biood diluted with the 
infusion fluid, and remove the syringe. Do not discard 
this sample, and keep the tip sterile because it must be 
reinfused after the biood sample is acquired. 

5. Close the stopcock by making a one-quarter turn 
between the syringe and the line to the continuous 
infusion/flush line (see Figure 8-5, B). 

6. Attach a sterile preheparinized syringe to the port. 
Switch the stopcock back one-quarter turn toward the 
continuous infusion/flush line to the off position. 

7. Aspirate 0.25 to 1 ml of biood into the sampling 
syringe, depending on the volume required by the 
biood gas analyzer. 

8. Close the stopcock by making a one-quarter turn 
back toward the syringe, and remove the sample 
(see Figure 8-5, A). 

9. Reattach the syringe with the aspirated infusion 
volume, and switch the stopcock toward the infusion 
line (see Figure 8-5, B) to the off position and toward 
the sampling syringe to the on position. Slowly rein- 
fuse the solution from the syringe. 

10. Repeat the procedure for turning the stopcock off 
to the continuous infusion/flush line, remove the 
syringe, and attach a syringe prefilled with flush 
solution. 

11. Open the stopcock back to the flush syringe, and in- 
fuse 0.5 to 1.5 ml of solution to flush biood from the 
line. Turn the stopcock off to the sampling port, and 
remove the flush syringe. Return the stopcock cap to 
its position. 

12. If using a flush device (pigtail) instead of a flush 
syringe then turn the stopcock off to the patient 
(see Figure 8-5, C) and open to the continuous 
infusion/flush line, then flush solution through the 
sample port and then turn stopcock off to the sample 
port to flush biood through the line to the patient. 


13. Record the amount of biood sampled and flush so¬ 
lution infused to keep accurate input and output 
records. 

14. Immediately apply the proper patient label to the 
specimen according to institutional policy. 

15. For accurate results, analyze the sample immedi¬ 
ately, or analyze room-temperature samples within 
10 to 15 minutes after they are drawn. Samples 
placed on ice should be analyzed within 1 hour. 111 

When infusing or reinfusing solution into the umbilical 
or arterial line, tapping the syringe while holding it 
upward releases bubbles to the surface, where they can be 
expelled before attaching the syringe to the stopcock. 
When infusing, keep the syringe in a perpendicular posi¬ 
tion to allow air bubbles to rise toward the piunger. If 
bubbles form, tap them so they rise toward the piunger. 
Continue infusing the solution, but do not infuse air 
bubbles into the arterial line. 

Complications 

As with any invasive method of monitoring, peripheral 
artery catheterization carries an increased risk of infec- 
tion. 24,25 The risk is greater when a catheter has been in 
place for longer than 72 hours. Some complications asso- 
ciated with the use of arterial catheters are related to 
thrombotic phenomena, either at the site of the catheter 
tip or distal to catheter placement. 

The risk of thrombosis tends to depend on the size of 
the catheter and the duration of placement. Children 
younger than 5 years are at greater risk. Once significant 
perfusion or thrombotic problems are identified, remove 
the catheter as soon as possible, and manage the affected 
extremity to improve perfusion. 

The circulating biood volume in a neonate is approxi- 
mately 85 to 90 ml/kg; it is 70 to 75 ml/kg in children. 26 
Therefore it is important to record and limit the amount 
of biood drawn from these patients. Hemorrhage may 
occur during insertion, from frequent or excessive biood 
sampling and if the catheter tubing is inadvertently dis- 
connected. Biood transfusions are given to replace the 
biood volume lost as a result of these factors. Pallor, 
decreased pulses, and poor capillary refill are all signs of 
ischemia. Injection of even a small amount of air into 
the arterial system can result in rapid and devastating air 
embolism to the brain. 

UAC complications may also include intraventricular 
hemorrhage, altered mesenteric biood flow, and necrotiz- 
ing enterocolitis. 24,21 These and other complications, such 
as misplacement into the iliac artery or infarction of vari- 
ous organ systems, including the kidney, liver, and spinal 
cord, 30,31 may result in life-threatening or prolonged severe 
disability. 

Measurements 

The placement of arterial catheters allows direct measure- 
ment of arterial biood pressure values: the systolic and 
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diastolic pressures. Monitoring arterial pressure wave- 
forms helps to determine the patency of the arterial line 
and the quality of the pulse pressure and to calculate the 
mean arterial pressure (MAP). The arterial line monitor 
calculates MAP internally. However, use the following 
formula to obtain an indirect measurement of MAP with a 
sphygmomanometer: 

[(2 = diastolic) + systolic] 

3 

MAP is often used as an indication of left ventricular 
afterload, thus representing the resistance against which 
the left ventricle must pump. The pulse pressure is the 
difference between the systolic and the diastolic biood 
pressure. A decreasing pulse pressure may indicate hypovo- 
lemia, and an increasing pulse pressure may indicate a 
restoration of normal volume status. 


CONTINUOUS INVASIVE BLOOD 
GAS MONITORING 

In-line continuous infant biood gas monitors can be used 
as an alternative strategy for patients requiring frequent 
biood gas analysis. These devices are specifically designed 
for small patients with low biood volumes and volume re- 
striction. The monitor is placed directly in-line with an 
arterial or umbilical catheter (Figure 8-6). Using a closed 
loop system, it obtains a 1.5-ml sample of arterial biood, 
measures the biood gases via an in-line microelectrochem- 
ical sensor, and reinfuses the biood back into the patient. 
Clinical trials using in-line monitors in neonates found 



FIGURE 8-6 An ex vivo in-line continuous biood gas monitor 
designed for use in critically ill newborn infants. 


that this method provided frequent, reliable results in a 
short amount of time, while substantially reducing the 
amount of biood loss and less exposure to health care pro- 
viders. 3 - Other continuous monitors are currently under- 
going Phase I testing but are not currently available for 
clinical use. 33,34 


CENTRAL VENOUS CATHETERS 

Indications for a central venous catheter are as follows: 
Cardiovascular instability 

■ Intravascular volume disturbances (e.g., extreme dehy- 
dration, hemorrhage, increased intracranial pressure, 
renal failure, and diabetic ketoacidosis) 

• Administration of drugs, fluids, or nutritional support 
to the central circulation 

• The need for central venous pressure (CVP) moni¬ 
toring 35 

Central venous catheterization is also indicated when 
other peripheral access sites have been exhausted. 
Placing a CVP line allows measurement of right atrial 
pressure (RAP) to assist in the following: 

• Managing fluid volume 

Infusing fluid volumes larger than a peripheral intra- 
venous catheter can accommodate 
■ Administering total parenteral nutrition, and pro- 
viding a secure long-term venous site in a chronically 
ill child 32, 36,37 

Monitoring Sites 

Techniques for central line placement in infants and 
children vary according to the patient’s age and condition. 
Monitoring sites for central venous catheterization are loca¬ 
tions where a peripheral vein can be cannulated by either 
the percutaneous or the cutdown method and the catheter 
can be advanced to a central location in the vena cava. The 
percutaneous technique is relatively safe and easy, with 
many potential sites. 

The cutdown method, or surgical cannulation, re- 
duces the risk of trauma to the vein and adjacent tissue. 
Cutdown also provides additional sites for patients with 
poor peripheral perfusion or lack of percutaneous sites. 
Cutdown locations include the internal and external 
jugular veins, common facial vein, brachial vessels, saphe- 
nous vein, and femoral veins. The cutdown technique 
requires experience to avoid surgical complications such 
as bleeding, inadvertent interruption of arterial flow, and 
dissection through vital structures such as muscles and 
nerves. 

Common vessels used for percutaneous approaches are 
the external and internal jugular veins (the right is pre- 
ferred over the left vein), subclavian vein, brachial veins, 
and saphenous vessels. 38,39 

The umbilicus offers a unique site in the newborn 
because the umbilical vein is available for placement of a 
central catheter. 36 
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Procedure 

Placement of the catheter is performed under sterile condi- 
tions with the child sedated and in accordance with the 
recommendations for pain control. 6 The site is usually 
anesthetized with lidocaine before the catheter is placed in 
the vein. Advance the catheter until an RAP waveform 
appears on the monitor. Connect a flush line and pressure 
transducer as with any indwelling catheter used for pres¬ 
sure monitoring. Confirm catheter placement with a chest 
radiograph. 

Complications 

The major complication of venous catheter use in general 
is catheter-related sepsis, especially when the catheter is in 
place longer than 72 hours. 32 Fungal sepsis is especially 
significant in the neonatal population. 40,41 In older chil- 
dren the additional complication of pulmonary embolism is 
significant. 4z Embolism appears to be a largely unrecog- 
nized clinical entity in the neonate. 

The percutaneous approach may be difficult in patients 
with poor peripheral perfusion and in those with chronic 
disease who require many venous catheters. The cutdown 
method requires a higher degree of skili and training than 
the percutaneous approach to avoid complications. Car- 
diac arrhythmias may occur if the catheter tip slips into 
the right ventricle. Inadvertent placement of the catheter 
tip in the left atrium is possible if the patient has a patent 
foramen ovale or atrial septal defect. Perforation of the 
trachea is rare but has occurred with insertion into 
the jugular vein. Saphenous and femoral vein sites tend to 
be at higher risk for thrombosis. Air embolus may occur 
during insertion and when tubing is disconnected. 42 

Catheterization should be discontinued at the first 
sign of inflammation or when the patient’s condition 
no longer requires its use. Percutaneous sites should be 
rotated on a regular basis. Any vein may be safely reused 
after 4 to 7 days. 

Measurements 

The placement of a central venous catheter allows mea- 
surement of the right atrial pressure, which represents 
the filling pressure of the right atrium. Systemic venous 
return, intravascular volume, tricuspid valve performance, 
myocardial function, and right ventricular pressure all af- 
fect the RAP. Normal values for RAP range from 2 to 7 cm 
H 2 0 but must be interpreted cautiously, because filling 
pressures vary with changes in thoracic and intrapleural 
pressure, such as during mechanical ventilation. The value 
of the RAP measurement is useful in monitoring trends 
and after changes in therapy. 

Central venous oxygen saturation can be used to pro- 
vide information about the peripheral extraction, delivery, 
and consumption of oxygen. Central venous oxygen satu¬ 
ration can be sampled from a truly “central” location 
(Scvo 2 ) or from a mixed venous source (Svo 2 ). Venous 
oximetry aids in the monitoring and implementation of 


early goal-directed therapies (EGDT) for patients with sep- 
tic shock; it may also help reduce morbidity and mortality 
of patients undergoing major and/or traumatic sur- 
gery. 43-46 Biood samples taken from the right atrium may 
be similar to mixed venous samples; however, the “gold 
standard” for measuring mixed venous oxygenation is 
obtained by using a pulmonary artery catheter. This 
approach demands caution because catheter tip placement 
may be influenced by venous return from one portion of 
the body rather than the whole body. Of note, the presence 
of a high gradient between central venous Pco 2 (Pcvo 2 ) 
and arterial Pco 2 can be indicative of poor circulatory 
response in the settings of severe hemorrhagic shock, poor 
cardiac output, cardiopulmonary resuscitation, and post- 
cardiopulmonary bypass. 47-51 


CLINICAL HIGHLIGHT 


Central line infections are a major concern when sampling 
from this type of line. Piease take extra precautions and 
sample as infrequently as possible. 


Decreased CVP values usually indicate hypovolemia. 
Reduced CVP values occur during fluid imbalance, hemor- 
rhage, extreme vasodilation, and shock. Increased CVP 
values may result from the following: 

Hypervolemia, as with sudden fluid shifts or volume 
overload 

■ Interference with the right ventricle’s ability to pump 
biood, such as tricuspid valve regurgitation or stenosis, 
right ventricular failure or infarction, increased pulmo¬ 
nary vascular resistance, or cardiac tamponade 

■ Increased systemic vasoconstriction 
Left ventricular failure 38 

PULMONARY ARTERY 
CATHETERIZATION 

The pulmonary artery catheter provides important phys- 
iological information about the cardiopulmonary vascular 
system (not attainable with other catheters), intravascular 
volume status, and the effects of various pharmacological 
therapies. 52 The pulmonary artery catheter is often 
referred to as a “Swan-Ganz” catheter and is indicated for 
critically ill patients with respiratory failure or profound 
shock requiring vasoactive drugs. It is used to assess left 
ventricular function, guide fluid management, and aid in 
diagnosing and managing pulmonary disease and cardiac 
dysfunction. Direct intracardiac and pulmonary pressure 
monitoring, along with cardiac output measurement and 
mixed venous oxygen monitoring, can be accomplished 
with a pulmonary artery catheter.' 3,54 

Pulmonary artery catheters are used less often in pedi- 
atrics and are generally reserved for the sickest of patients. 
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Proximal 

lumen 


FIGURE 8-7 Conventional pulmonary artery (Swan-Ganz) thermodilution catheter. 


The standard use of pulmonary artery catheters is diver- 
gent and its implementation varies from hospital to hospi¬ 
tal. An analysis of risk versus benefit should be considered 
before using pulmonary artery catheters. 

Pulmonary artery catheters contain quadruple lumens 
and come in 5-Fr (for patients less than 18 kg) and 7-Fr outer 
diameters. They are marked in 10-cm increments along the 
outside, and a balloon is fastened 1 to 2 mm from the tip. A 
four-lumen catheter has the following ports (Figure 8-7): 
Proximal port for placement in the right atrium—this 
port terminates in an opening at the tip of the catheter 
and is used to measure RAP. 

Distal port for placement in the pulmonary artery— 
this lumen terminates in an opening at the tip of the 
catheter and lies in the pulmonary artery. It is used 
to measure pulmonary artery pressure (PAP) and 
pulmonary capillary wedge pressure (PCWP) and to 
sample mixed venous biood. 

Port for inflation of the balloon at the catheter tip— 
when inflated, the balloon should surround but not 
cover the tip of the catheter. 

Port for the temperature-measuring thermistor—this 
port connects to the cardiac output monitor. The 
thermistor wires transmit the temperature of the biood 
flowing over them to the cardiac output monitor. 35 

Procedure 

If tolerable, the patient is placed in the Trendelenburg posi¬ 
tion to prevent air embolism and to enhance neck vein fill- 
ing. The catheter is primed with intravenous flush solution, 
and the integrity of the balloon is evaluated by injecting air 
into it. The catheter is placed in a large vessel, using a cut- 
down or percutaneous approach, and advanced until an 
RAP tracing appears on the monitor. The balloon is inflated 
with air and floated through the tricuspid valve into the 
right ventricle. The catheter is advanced into the pulmonary 
artery and then into a wedged position, where the catheter 
occludes the artery. As the catheter is advanced, characteris- 
tic waveforms are observed for each heart and vessel loca¬ 
tion, which assists with placement (Figures 8-8 and 8-9). 
Once the catheter is wedged, the balloon is deflated and the 
pulmonary artery waveform is confirmed on the monitor. 



FIGURE 8-8 Examples of pressure waveform patterns at vari- 
ous locations in and around the heart. A, Central venous 
pressure; B, right ventricular pressure; C, pulmonary artery 
pressure; D, pulmonary capillary wedge pressure. 



FIGURE 8-9 Pressure waveforms as the catheter travels through 
the right atrium ( RA ), right ventricle ( RV ), and pulmonary artery 
(PA), becoming wedged (pulmonary capillary wedge pressure 
[PCWP]). 
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Inflating and deflating the balloon demonstrate the 
ability to acquire a PCWP and a PAP. The catheter is then 
sutured in place, and the length of the catheter is recorded 
at the insertion site. The catheter should never be inserted 
to a length greater than that measured before placement. 
This avoids complications, such as knotting or uninten- 
tional wedging of the catheter without balloon inflation. A 
chest radiograph can be obtained immediately to rule out 
a pneumothorax and to verify the catheter’s position. 

Continuous monitoring of the catheter waveforms and 
pressures is necessary. On the monitor, the catheter posi¬ 
tion is maintained to produce a PAP waveform, except for 
those brief intervals when PCWP readings are obtained. To 
obtain a PCWP reading, a syringe is attached to the balloon 
port and aspirated to ensure complete emptying of the bal¬ 
loon, which avoids overinflation and rupture. Normally 
when inflating the balloon there is some initial resistance. 
If there is no resistance, the integrity of the balloon should 
be evaluated and inflation should be discontinued.’ 8,56 

Complications 

At insertion, complications include bleeding, pneumotho¬ 
rax, tricuspid or pulmonic valve damage, right atrium or 
right ventricle perforation, and cardiac arrhythmias result¬ 
ing from the catheter traversing the right ventricle. The most 
commonly observed arrhythmias are premature ventricular 
contractions and ventricular tachycardia. Overinflation of 
the balloon may result in rupture of the pulmonary artery, 
pulmonic valve obstruction, and air embolization. Pulmo¬ 
nary infarction may occur if the catheter is left in the wedge 
position for extended periods. The major complications 
remain catheter-induced thrombosis and sepsis. 56 ' 64 

Positive-pressure ventilation affects PCWP measure- 
ments. Erroneous measurements may result from changes 
in baseline during the inspiratory and expiratory phases. 
Other sources of measurement error are failure to zero-set 
or calibrate the transducer properly, misalignment of the 
transducer with the tip of the catheter in the pulmonary 
artery, and dampening of the waveform secondary to 
thrombus formation. 2 ’ Accurate hemodynamic values can 
be difficult to obtain in children with intracardiac shunts 
and tricuspid regurgitation. 

Measurements 

The proximal port measures the RAP and the distal port 
measures the PAP (Box 8-4). A decrease in PAP usually 
indicates hypovolemia or pulmonary vasodilation. An 
increase in PAP may indicate an increase in pulmonary 
vascular resistance, mitral stenosis, left ventricular failure, 
or hypervolemia. Increased PAP also may result from pul¬ 
monary edema or an increase in pulmonary biood flow, as 
with left-to-right shunts in congenital heart defects. 

The PCWP reflects downstream pressures in the left 
side of the heart under conditions of absent flow in the 
pulmonary capillary bed. Variations in airway pressures, 
such as during mechanical ventilation, with positive 


Normal Pressure Values from 

1 Pulmonary Artery Catheters 

Mean right atrial pressure 

2-7 mm Hg 

Pulmonary artery systolic pressure 

1 5-30 mm Hg 

Pulmonary artery diastolic pressure 

5-1 5 mm Hg 

Mean pulmonary artery pressure 

10-20 mm Hg 

Pulmonary capillary wedge pressure 

5-1 5 mm Hg 


end-expiratory pressure (PEEP), can influence PCWP. 
The degree to which ventilation affects the relationship 
between PCWP and left atrial pressure depends on lung 
compliance. Under normal conditions, only 50% of the 
alveolar pressure is transmitted to the intrapleural space. 
Patients with low lung compliance, and hence low lung 
volumes, experience a negligible effect from variations 
in positive pressure on the PCWP. Higher compliance 
results in larger lung volumes and higher alveolar pres¬ 
sures. Therefore, higher intrapleural pressure is trans¬ 
mitted to the adjacent cardiovascular structures. PCWP 
should be measured at end expiration and without PEEP 
if tolerated by the patient. Measuring the PCWP with 
PEEP to establish trends in changes in clinical condi¬ 
tions is common. If not caused by PEEP, increased 
PCWP usually indicates left ventricular failure, hypervol¬ 
emia, or intravascular fluid overload. Pulmonary artery 
catheters can have an additional fiberoptic lumen that 
provides continuous measurement of Svo 2 from the 
pulmonary artery. 5 ’’ 58 

Cardiac Output 

Cardiac output is the single most important hemodynamic 
measurement used to evaluate cardiac function and to de- 
termine the therapeutic effects of various treatments in 
critically ill pediatric patients. Cardiac output is the amount 
of biood ejected from the heart over the course of 1 minute. 
It is the product of stroke volume and heart rate. At birth, 
a newborn’s cardiac output is approximately 0.6 L/min 
and increases to 6 L/min in an adolescent male. 29 Cardiac 
output is referenced to the body surface area as the cardiac 
index. The cardiac index is normally 3 to 4.5 L/min/m 2 
throughout childhood. 2 Traditionally, cardiac output mea¬ 
surements use the thermodilution technique. Measure¬ 
ments are derived from injecting a known volume of liquid 
at a set temperature, 22 to 24° C, or iced, 0 to 4° C, in to 
the right atrium through the right atrial port of the catheter. 
The solution is injected with a rapid and constant motion. The 
exact temperature and amount of liquid are entered into 
the cardiac output computer. As the liquid mixes with the 
biood and passes through the right ventricle into the 
pulmonary artery, the thermistor measures the rate of 
change in biood temperature from the value entered into 
the computer. The computer calculates the rate at which the 
biood warms the liquid, which is proportional to biood 
flow, and yields cardiac output. 
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By using the cardiac output and pressure measure- 
ments from the pulmonary and peripheral artery cathe- 
ters, clinicians can construct a complete hemodynamic 
profile of a patient (Table 8-1). 25,57,61 

The injectate volume used with pediatric patients is 
smaller than that used with adults. However, it is impor- 
tant to limit excessive fluid administration by reducing the 
number of tests being done. 

Pulmonary artery catheters are now available that do 
not require a cold injectate bolus to determine the cardiac 
output. Thermodilution is applied by using a thermal 
element on the catheter that warms up the surrounding 
biood, making it a warm bolus with a known temperature. 
Cardiac output is calculated, as the area under the curve, 
on the basis of the temperature change of the biood bolus 
as measured by a downstream thermistor. 

Pulse contour analysis offers a minimally invasive tech- 
nique that uses measurements obtained from arterial and 
central venous catheters to continuously calculate cardiac 
output. This method analyzes variations in the arterial pres¬ 
sure waveform during ventilation to determine stroke 
volume and hence cardiac index. 6 In addition, this method 
integrates a thermal dilution technique, using a central ve¬ 
nous catheter, for initial and periodic system calibrations. 

Pulse contour analysis has been shown to be an effective 
way to measure cardiac index in pediatric patients without 
using a pulmonary artery catheter or subjecting small 
patients to excessive fluid boluses. 63 

NONINVASIVE MEASUREMENT 
OF CARDIAC OUTPUT 
AND PERFUSION 

Because of the inherent risks and limitations associated with 
pulmonary artery catheters, trends favoring noninvasive 
techniques to accurately measure cardiac output and tissue 
perfusion have resulted in new technologies. 


TABLE 8-1 


Normal Ranges of Derived Hemodynamic Parameters 
Parameter Formula Range 


Cardiac index 

CO/BSA 

3-4.5 L/min/m 2 

Stroke volume 

CO/HR 

50-80 ml/beat 

Stroke volume 

SV/BSA 

30-65 ml/beat/m 2 

index 

Systemic vascular 

MAP - LAP/CO 

11-18 mm Hg/ L/m i n 

resistance 

Pulmonary vascu- 

PAP - PCWP/CO 

1.5-3 mm Hg/L/min 

lar resistance 

Shunt fraction 

(Cco 2 - Cao 2 )/ 
(Cco 2 - CVo 2 ) 

Less than 5% 


USA, Body surface area; Ca() 2 , arterial oxygen content; Cc() 2 , pulmonary 
end-capillary oxygen content; CO, cardiac output; CVO2, mixed venous 
oxygen content; HR, heart rate; LAP, left atrial pressure; MAP, mean 
arterial pressure; PAP\ pulmonary artery pressure; PCWP, pulmonary 
capillary wedge pressure; .Sy stroke volume. 


A noninvasive cardiac output monitor that uses 
partial rebreathing of C0 2 to determine cardiac output 
via the Fick principle can now be used in mechanically 
ventilated children. A study has shown that this method 
correlates well with simultaneous cardiac output mea¬ 
surements obtained from a pulmonary artery catheter in 
patients with a body surface area of at least 0.6 m 2 and a 
tidal volume of at least 300 ml. 62 The values derived 
from these methods are not interchangeable and mea¬ 
surements from a pulmonary arterial catheter may be 
more sensitive. Nonetheless, the noninvasive method 
may be suitable for detecting large changes in cardiac 
output. 65 

Signal extraction pulse oximetry, which uses signal 
extraction software to analyze the plethysmographic 
waveform to determine pulsatile strength, is now being 
used to provide continuous noninvasive measurements 
of peripheral perfusion. 60 The perfusion index (PI) is the 
ratio of the pulsatile biood flow to the nonpulsatile or 
static biood in peripheral tissue. 64 The (PI) has been used 
as an objective parameter to evaluate perfusion and de¬ 
termine severity of illness in critically ill neonates. 66 The 
pulse variability index (PVI) continuously detects the 
cyclic changes of the perfusion index signal caused by 
variations in the intrathoracic pressure during a com¬ 
plete respiratory cycle. The PVI value has been shown 
to reliably predict fluid responsiveness in mechanically 
ventilated patients. 67 

PATIENT INFORMATION 

It is important to monitor and record several parameters 
when taking a biood gas sample. Documenting the spe- 
cific puncture or sample site and whether it is arterial, 
venous, mixed venous, or capillary is essential. The care- 
giver should also record the date and time at which the 
sample was taken, along with the patient’s respiratory 
variables. Important respiratory variables include respira¬ 
tory frequency, temperature, fraction of inspired oxygen 
(Fio 2 ), and specific oxygen device used. If the patient is 
mechanically ventilated, include the type of ventilator, 
mode of ventilation, tidal volume, peak inflation pres¬ 
sure, PEEP, and other relevant settings. Note the patient’s 
position (e.g., upright in an infant seat), activity level 
(e.g., whether crying or breath holding), clinical appear- 
ance, and other signs of respiratory distress. Be sure to 
document any adverse reactions, along with the correc- 
tive action taken. 

FREQUENCY 

The clinical status of the patient, rather than an arbi- 
trarily set time or frequency, should dictate the need for 
arterial and capillary punctures. 2,11,13 It is also important 
to understand that an infant, especially a premature neo- 
nate, has a much smaller quantity of biood. Frequent 
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TABLE 8-2 


Approximate Normal Range 

of Arterial Biood Gas Values 





ELBW (<1000 g) 
Premature Infant 

VLBW (<1500 g) 
Premature Infant to 
Late-Term Infant 

Term Infant 
to Toddler 

Child to Adult 

Parameter 

(<28 wk of GA) 

(28-40 wl< of GA) 

(Up to 2 yr) 

(>2 yr) 

P H 

>7.25 (>7.20)* 

>7.25 (>7.20)* 

7.3-7.4 

7.35-7.45 

Arterial carbon dioxide tension 

45-55 (60) 

45-55 (60) 

30-40 

35-45 

(Paco 2 , mm Hg) 

Arterial oxygen tension 

45-65 

50-70 

80-100 

80-100 

(Pao 2 , mm Hg) 

Bicarbonate (Hco 3 ) (mEq/L) 

15-18 

18-20 

20-22 

22-24 


ELBW, Extremely low birth weight; GA, gestational age; VLBW, very low birth weight. 

*Values in parentheses may be accepted for certain lung protection ventilator strategies. 

Modified from Pagtakhan RD, Pasterkamp H. Intensive care for respiratory disorders. In Chernick V, editor: Kendigs disorders of the respiratory tract 
in children , ed 5. Philadelphia: WB Saunders, 1990:205-224; and Durand DJ, Philips P, Boloker J: Biood gases: technical aspects and interpretation. 
In Goldsmith JP, Karotkin EH, editors: Assisted ventilation of the neonate, ed 4. Philadelphia: WB Saunders/Elsevier Science, 2003. 


biood sampling results in hypovolemia and anemia in 
these patients. During mechanical ventilation, wait 10 
minutes after changing the Fio 2 in a patient without 
chronic pulmonary disease to take an ABG sample. 68 
Samples should not be drawn until 20 to 30 minutes after 
changing the Fio 2 of a spontaneously breathing patient 
without chronic pulmonary disease. Patients with chronic 
pulmonary disease should not have samples drawn for at 
least 30 minutes after an Fio 2 change. 2 ' 13 

BLOOD GAS INTERPRETATION 

Although a thorough discussion of biood gas interpreta¬ 
tion is beyond the scope of this chapter, using the biood 
gas result requires some explanation of acid-base balance 
and gas exchange. Gas exchange refers to the exchange of 
oxygen and carbon dioxide between air and biood and 
then between biood and tissue. Proper gas exchange de- 
pends on many factors, such as biood flow, cardiac out¬ 
put, metabolic rate, diffusion, shunting, and gas concen- 
tration of the inspired air. An abnormality in any of these 
factors will result in a change in biood gas values and 
possibly an increase in the work of the cardiopulmonary 
system. Usually, only three values are measured during 
biood gas analysis: pH, Pco 2 , and Po 2 . Bicarbonate 
(HC0 3 “) and oxygen saturation are also usually calcu- 
lated using the Henderson-Hasselbach equation, tem¬ 
perature, biood pH and the oxyhemoglobin dissociation 
curve. On occasion, other non-blood gas values may be 
measured simultaneously, depending on the analyzer in 
use at the time. 

Typically, interpretation of biood gas values involves 
acid-base interpretation, to evaluate the pH and Pco 2 
values, and evaluation of oxygenation, or Po 2 , separately. 
Normal Pao 2 and Paco 2 values reflect normal gas ex¬ 
change, whereas an abnormality in gas exchange results 
in abnormal values. Normal values can vary consider- 
ably, based on patient age. Some mechanical ventilator 


strategies that use a lung-protective strategy have rede- 
fined normal ranges in acid-base status, especially in 
premature infants. Recognizing normal and abnormal 
values helps to understand more completely, and to in- 
terpret, biood gas values (Table 8-2). 

Acid-Base Balance 

Assessing acid-base balance is accomplished by evaluating 
the pH, Paco 2 , and HCO3 - values for acidosis or alkalosis 
and the degree of compensation present (Table 8-3). Paco 2 is 
directly proportional to the adequacy of alveolar ventilation. 


TABLE 8-3 


Laboratory Values for Acid-Base Disturbances 
Disease pH Paco 2 HC0 3 “ 


Metabolic acidosis 

1 


1 

Uncompensated 

N 

Partially compensated 

1 

1 

1 

Compensated 

N 

1 

1 

Metabolic alkalosis 

T 


t 

Uncompensated 

N 

Partially compensated 

t 

1 

1 

Compensated 

N 

I 

I 

Respiratory acidosis 

1 



Uncompensated 

t 

N 

Partially compensated 

1 

t 

t 

Compensated 

N 

t 

t 

Respiratory alkalosis 

T 

T 


Uncompensated 

N 

Partially compensated 

t 

1 

1 

Uncompensated 

N 

1 

1 

Mixed acidosis 

1 

t 

1 

Mixed alkalosis 

T 

1 

T 


HCO 3 , Bicarbonate; N, normal; Paco 2 , arterial carbon dioxide tension. 

* Compensation of metabolic alkalosis by hypoventilation is limited 
by the physiological response to hypoxic hypoxia caused by the elevated 
Paco 2 . 
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Thus acid-base abnormalities are classified as primarily 
respiratory or metabolic. The amount to which the pH is 
balanced by the metabolic or respiratory processes deter¬ 
mines the degree of compensation. Boxes 8-5 to 8-8 list 
common causes of metabolic acidosis/alkalosis and respira¬ 
tory acidosis/alkalosis. 


Box 8-5 


Causes of Metabolic Acidosis 


Diarrhea 

Small bowel, biliary, or pancreatic tube orfistula drainage 
Parenteral nutrition 

Ingestion of chloride-containing compounds 

• Calcium chloride 

• Magnesium chloride 

• Ammonium chloride 

• Hydrochloric acid 
Renal tubular acidosis 
Renal failure 

Carbonic anhydrase deficiency 
Lactic acidosis 

• Tissue hypoxia 

• Sepsis 

• Neonatal cold stress 
Ketoacidosis 

• Diabetes mellitus 

• Starvation 
Ingestion oftoxins 

• Salicylate poisoning 

• Methanol poisoning 

• Ethylene glycol poisoning 

• Prolonged use of paraldehyde 
Inborn errors of metabolism 

Modified from Brewer ED. Disorders of acid-base balance. Pediatr Clin 
North Am 1990:37:429. 


Box 8-6 


Causes of Metabolic Alkalosis 


Vomiting 

Nasogastric suctioning 
Congenital chloride-wasting diarrhea 
Dehyd ration 
Drugs 

• Diuretics 

• Steroids 

• Sodium bicarbonate 
Cushing syndrome 
Bartter syndrome 
Hypokalemia 
Hypochloremia 
Chewing tobacco 
Massive biood transfusion 

Infants with cystic fibrosis fed regular formula or breast milk 
(low in sodium) 


Modified from Brewer ED. Disorders of acid-base balance. Pediatr Clin 
North Am 1990:37:429. 


Box 8-7 


Causes of Respiratory Acidosis 


LUNG DISEASE 

Upper airway obstruction 

• Laryngotracheobronchitis (croup) 

' Epiglottitis 

• Foreign body 

Small airway obstruction 

• Asthma 

• Bronchiolitis 

Chronic obstructive pulmonary disease 

• Cystic fibrosis 

• Bronchopulmonary dysplasia 

• Bronchiectasis 
Pneumonia 
Pulmonary edema 
Respiratory distress syndrome 
Aspiration 

• Meconium 

• Foreign body 
Pulmonary hypoplasia 
IMPAIRED LUNG MOTION 
Pleural effusion 
Pneumothorax 

Thoracic cage abnormalities 

• Flail chest 

• Scoliosis 

• Osteogenesis imperfecta 

• Thoracic dystrophy 

APNEA 

NEUROMUSCULAR DISORDERS 

Brainstem/spinal cord injury or tumor 

Paralysis of diaphragm 

Drug overdose/oversedation 

Muscular dystrophy 

Guillain-Barré syndrome 

Myasthenia gravis 

Poliomyelitis 

OTHER 

Botulism 

Extreme obesity 

Modified from Brewer ED. Disorders of acid-base balance. Pediatr Clin 
North Am 1990;37:429. 


Oxygenation 

The arterial partial pressure of oxygen (Pao 2 ) reflects ex- 
change of oxygen, or oxygenation. Oxygen moves into 
the airway and the alveolus, at which point a pressure 
gradient causes it to diffuse across the alveolar-capillary 
membrane into the pulmonary capillary biood. It is 
then carried in the biood to the tissues in two forms: 
(1) dissolved in plasma and (2) bound to hemoglobin. 
Although the amount of oxygen dissolved in plasma is 
small, it is critical because it determines the pressure 
gradients among the inspired air, the biood, and the 
tissues. Hemoglobin carries the majority of the oxygen 
as oxyhemoglobin. 
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Box 8-8 


Causes of Respiratory Alkalosis 


Anxiety 

Fever 

Sepsis 

Hypoxemia 

• Pneumonia 

• Atelectasis 

• Pulmonary emboli 

• Congestive heart failure 

• Asthma 

Central nervous system disorders 

• Head injury 

• Brain tumor 

• Infection 

• Cerebrovascular accident 

• High altitude 
Liver failure 
Reye’s syndrome 
Hyperthyroidism 
Salicylate poisoning 
Mechanical ventilation 


Modified from Brewer ED. Disorders of acid-base balance. Pediatr Clin 
North Am 1990:37:429. 


The amount of oxygen bound to hemoglobin is 
expressed as arterial oxygen saturation (Sao 2 ) or % 0 2 Hb 
saturation. The oxyhemoglobin dissociation curve illus- 
trates the relationship between Pao 2 and Sao 2 regarding 
the loading and unloading of oxygen by the hemoglobin 
molecule (Figure 8-10). The sigmoid shape of the curve 
shows that the hemoglobin loads and unloads oxygen 


Oxygen dissociation 



FIGURE 8-10 Oxyhemoglobin dissociation curve, illustrating 
the P 50 value (Po 2 at 50% saturation) with the effects of right and 
left shifts of the curve. As the curve shifts to the right, the oxygen 
affinity of hemoglobin decreases, more oxygen is released at a 
given Po 2 , and the P 50 value increases. When the curve shifts to 
the left, there is increased oxygen affinity, less oxygen is released 
at a given Po 2 , and the P 50 value decreases. 


differently at various Pao 2 s. The Pao 2 at which the Sao 2 is 
50% saturated is known as the P 50 value. Under normal 
conditions, the P 50 is approximately 26.5 mm Hg; however, 
this value can change depending on conditions that cause 
shifts in the oxyhemoglobin dissociation curve. The oxyhe¬ 
moglobin dissociation curve is affected by several factors 
and may shift left or right (Table 8-4). A shift to the right 
results in a decrease in oxygen affinity, decrease in oxyhe¬ 
moglobin, and increase the unloading of oxygen at the 
cellular level. A shift to the left increases oxygen affinity, 
increases oxyhemoglobin, and decreases the unloading of 
oxygen at the cellular level. 

The oxygen content of the biood, expressed as a 
percentage, is the sum of the oxygen dissolved in the 
plasma and the oxygen in combination with hemoglobin 
(Hb, g/dl). Oxygen content accurately reflects the amount 
of oxygen in the biood, as follows: 

0 2 content = (Hb X 1.34 X Sao 2 ) + (Pao 2 X 0.003) 

Oxygen delivery, expressed as milliliters per minute, is 
the product of the o 2 content of the arterial biood and the 
cardiac output (Figure 8-11). Oxygen delivery reflects the 
total oxygen available at the cellular level in 1 minute as 
follows: 

0 2 delivery = 0 2 content X cardiac output X 10 

Normal oxygen delivery ranges from 133 to 200 ml/min 
in newborns and from 200 to 400 ml/minute during 
infancy, and 460 to 1200 ml/min during childhood. 2 '’ 

Determining serum lactate in a biood sample pro- 
vides important information about oxygenation. Lactic 
acid is commonly the byproduct of anaerobic metabo- 
lism, which results from hypoxia at the cellular level. 
Higher lactate levels are indicative of decreased 0 2 deliv¬ 
ery. Normal values for serum lactate typically range from 
0.7 to 1.3 mmol/L. 69 A serum lactate concentration of 
4.8 mmol/L and greater has been associated with in¬ 
creases in morbidity and mortality in children/ 0 


TABLE 8-4 


Factors That May Shift Oxyhemoglobin Dissociation 
Curve 


Increased Affinity Decreased Affinity 

(Shift to Left) (Shift to Right) 


Increased pH 

Decreased pH 

Decreased Pco 2 

Increased Pco 2 

Decreased temperature 

Increased temperature 

Decreased 2,3-DPG 

Increased 2,3-DPG 

Fetal hemoglobin 


Carboxyhemoglobin 


Methemoglobin 



2,3-DPG, 2,3-diphosphoglycerate; /V:o 2 , partial pressure (tension) of 
carbon dioxide. 
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FIGURE 8-11 Components of oxygen delivery. 


ABNORMAL HEMOGLOBIN 

Abnormal hemoglobin may also have an effect on the 
capacity of hemoglobin to combine with oxygen. The fol- 
lowing hemoglobins are sometimes encountered in the 
infant and pediatric population. Fetal hemoglobin 
accounts for approximately 85% of the hemoglobin in the 
full-term infant. It causes a shift to the left of the oxyhe- 
moglobin dissociation curve and consequently an in- 
creased affinity of hemoglobin for oxygen. In utero, this 
compensates for the low fetal Pao 2 and causes more 
oxygen to be picked up in the placenta. At about 6 months 
to 1 year of age, all fetal hemoglobin should be converted 
to normal hemoglobin. 

Methemoglobin forms when hemoglobin is oxidized 
to the ferric State. It causes the oxyhemoglobin dissocia¬ 
tion curve to shift to the left, resulting in a decrease in 
hemoglobirfs ability to combine with oxygen. Nitrate- 
containing molecules in medications and therapeutic 
gases may cause methemoglobinemia. 

Carboxyhemoglobin forms when carbon monoxide 
combines with hemoglobin, which reduces the amount 
of oxygen that can attach to the hemoglobin. In carbon 
monoxide poisoning the patient has reduced oxygen 
content even though the Pao 2 may be normal (see 
Chapter 31, Pediatric Trauma). A left-shifted oxyhemo¬ 
globin dissociation curve compounds the tissue hypoxia 
further. 

KEY POINTS 

• Biood gas samples should be used to evaluate the 
efficiency of gas exchange, acid-base homeostasis, and 
cardiopulmonary interaction. 

• Biood gas samples may be obtained from arterial, 
capillary, or venous sources. When selecting an arterial 
sampling site, those with adequate collateral circula- 
tion are preferred. The posterolateral foot is the least 
hazardous site for capillary puncture. For frequent 
sampling, indwelling catheters may be placed in either 
peripherally or centrally located vessels. 


• Patient or caregiver complications may arise from biood 
gas sampling. Patient complications commonly include 
minor hematomas but may be as severe as neurovascular 
injury or infection. Caregiver complications are commonly 
related to inadvertent needle sticks. Universal precautions 
should always be applied during biood gas sampling and 
analysis. 

• Indwelling catheters can provide valuable hemodynamic 
data. Arterial catheters can be used to monitor mean 
arterial pressure; central venous catheters can be used 
to evaluate RAP, CVP, and Scvo 2 . 

• Pulmonary artery catheters illustrate pressure waveforms 
from the venous, right atrial, right ventricular, and 
pulmonary artery regions. These catheters can also be 
used to monitor cardiac output and PCWP. Cardiac 
output can be determined noninvasively using rebreath- 
ing techniques and the Fick principle. 

• Cellular oxygenation can be evaluated arterially 
(Pao 2 , Sao 2 ), in conjunction with cardiac output 
measurements), in conjunction with cardiac output 
measurements (total oxygen delivery), or via venous 
values (Scvo 2 , Svo 2 ). Serum lactate is also an indica- 
tor of cellular oxygenation, as lactic acid is a com- 
mon byproduct of anaerobic metabolism. 

• Functional understanding of the oxyhemoglobin 
dissociation curve is necessary to evaluate oxygen¬ 
ation, as this curve illustrates the oxygen affinity of 
hemoglobin at various Pao 2 s. A shift of the curve to 
the right indicates an increase in this affinity; a shift 
to the left indicates a decrease in this affinity. 


| ASSESSMENT QUESTIONS 

i See Evolve Resources for answers. 

1. The most accurate way to detect changes in oxygen¬ 
ation in the biood is by obtaining the following: 

A. Capillary biood gas 

B. Mixed venous biood gas 

C. Arterial biood gas 

D. Pulse oximetry 
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8. Complications associated with indwelling vascular 
catheters include: 

A. Infection 

B. Air embolism 

C. Periventricular leukomalacia 

D. Both A and B 

9. Which of the following statement(s) is correct regard- 
ing the effects of positive pressure on the measure- 
ment of pulmonary capillary wedge pressure? 

A. PCWP is higher when lung compliance is low. 

B. PCWP is lower when lung compliance is high. 

C. PCWP is higher when lung compliance is high. 

D. Th ere are no effects from positive pressure on 
PCWP. 

10. Oxygen delivery is composed of all of the following, 
except: 

A. Cardiac index 

B. Cardiac output 

C. Hemoglobin 

D. Cao 2 

E. A and C 

F. A, C, and D 

11. Venous oximetry is helpful in reducing morbid i ty and 
mortality in the setting(s) of: 

A. Septic shock 

B. Major surgery 

C. Inhalation injury 

D. A and B 


2. What method for obtaining biood gases should be 
tried initially in a neonate? 

A. Capillary biood gas determination 

B. Pulmonary artery catheterization 

C. Umbilical artery catheterization 

D. Femoral artery puncture 

3. The high placement ofan umbilical artery catheter 
should be visually confirmed at which anatomical 
landmark using an X-ray? 

A. T6-T8 

B. T3-T4 

C. L1-L2 

D. T1-T3 

4. The most important advantage of continuous in-line 
biood gas sampling compared with umbilical biood 
gas sampling in neonates is: 

A. Lower risk of infection 

B. Lower incidence of clot formation 

C. Decreased amount of biood wasted 

D. The advantage of also being able to measure the 
cardiac index 

5. The cardiac index is calculated by the following 
equation: 

A. Cao 2 /Spo 2 X 100 

B. Stroke volume/cardiac output 

C. Cao 2 X CO 

D. Cardiac output/BSA 

6. Common factors that can reduce pulmonary vascular 
resistance include: 

A. Hypoxemia and acidosis 

B. High mean airway pressure 

C. Fluid resuscitation 

D. Nitric oxide 

7. Which of the following measurements requires a 
pulmonary (Swan-Ganz) artery catheter? 

A. Pulse variability index 

B. Pulse contour analysis 

C. Partial C0 2 rebreathing, using the Fick method 

D. Pulmonary capillary wedge pressure 
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Monitoring of the neonatal and pediatric patient is essen- 
tial during each phase of the disease process (from the 
outpatient clinic to emergency room to the intensive care 
unit). Close monitoring of physiological function can 
provide clinicians with information that helps guide deci¬ 
sion making. Appropriate monitoring (including proper 
application, use, and interpretation of data) can delineate 
the need for clinical interventions and the effect of those 
interventions over time. Respiratory-related illness is a 
leading reason for hospital admission in pediatrics and is 
therefore critical. Technologies have evolved over the last 
few decades to enhance the accuracy of measurements, 
eliminate the propensity for human error and bias, and 
readily display information dynamically and as a trend. 
These efforts have led to a number of specific devices that 
the respiratory therapist must learn to master to provide 
the best care possible, which can prove to be lifesaving. 1 

FUNDAMENTAL MONITORING 

Heart rate, respiratory rate, and biood pressure are three of 
the four vital signs that can be noninvasively monitored 
and are readily available in a variety of clinical settings. 
Because these were discussed in Chapter 4, here we give 
only a brief summary of essentials for patients who are 
continuously monitored, such as in the intensive care unit. 

Electrocardiography 

Electrocardiography (ECG) is used to measure and dis¬ 
play the heart rate and rhythm by measuring body surface 
electric potentials generated by the heart. It is easy to 
perform, noninvasive, and has been used for many years. 
Typically, ECG monitoring uses a set of three electrodes, 
which are placed on the upper left (LA), upper right (RA), 
and lower left (LL) portions of patient’s thorax. Most lead 
manufacturers color code the leads to assist with appropri¬ 
ate placement: LA is black, RA is white, LL is red. A simple 
mnemonic to ensure proper placement of the electrodes is 
White on the right, smoke over fire. White refers to the white 
lead, smoke refers to the black lead, and fire refers to the 
red lead. Electrodes are available in different sizes to be ap- 
plied according to patient size. The electrodes are typically 
plugged into the bedside monitor so that data (heart rate 
and waveform) can be displayed at the bed side and trans- 
mitted to a central telemetry console for remote monitor¬ 
ing. Continuous monitoring and interpretation of the 
ECG can ensure adequate heart rate and detect potentially 
life-threatening changes in rate and rhythm (such as severe 
bradycardia or ventricular fibrillation). A normal ECG 
waveform will have several distinet features, including de- 
polarization and repolarization of the atria and ventricles. 
The most prominent feature is the QRS complex, which 
results from ventricular contraction. However, limitations 
of the technology, included inaccurate measurements 
caused by motion artifact, for instance, should be con- 
sidered when interpreting results. Additionally, infant 


electrocardiographs present extra challenges caused by 
rapidly changing hemodynamics. A full-term infant will 
have a different ECG than a premature baby (34 weeks of 
gestation or less). In addition, the ECG of a normal infant 
will undergo changes during the baby’s first few weeks of 
life. Not until a child is approximately 3 years of age will 
the ECG start to resemble that of an adult, although still 
with considerable differences. 2 

Impedance Respiratory Rate 

Using the same electrodes as those employed during ECG 
monitoring, respiratory rate (RR) and impedance tracing 
can be measured and displayed on a bedside monitor and 
telemetry console for continuous monitoring and assess¬ 
ment. The monitor works by injecting a small alternating 
current into the patient, which is not felt by the patient 
and is monitored by one of the other electrodes. Because 
body tissue and air impede the flow of electricity, it is pos¬ 
sible to detect RR based on changes in impedance. It is 
important to note that impedance RR monitors do not 
measure respirations (gas exchange) but simply chest 
excursions. In some cases, children may exhibit ineffeetive 
breathing movements (in which case the thorax could 
change shape) without actually inhaling or exhaling a 
breath. Although rare, in this case the impedance monitor 
would not provide an accurate reflection of respiratory 
rate. A more accurate monitor of respiration is end-tidal 
C0 2 , which will be discussed later. However, for most 
patients, impedance RR equals the number of respirations; 
therefore it is widely monitored and used throughout the 
hospital. 

Noninvasive Biood Pressure 

Biood pressure (BP) is another of the four vital signs and is 
an essential metric of physiological health in the intensive 
care unit. Although not a direct measure of cardiac output, 
BP may be used, with caution, as a surrogate for cardiac 
output (along with proper assessment of HR, perfusion, 
etc.). It is therefore a physiological variable, and inereases 
and decreases in BP can be life threatening, requiring 
immediate intervention. Additionally, in mechanically 
ventilated children, inereases in intrathoracic pressure 
(by inereasing positive end-expiratory pressure, for exam- 
ple) can reduce venous return, resulting in decreased BP. 
Close BP monitoring is therefore necessary for mechani¬ 
cally ventilated children, particularly the most severely 
ill. Although BP can be determined by using an indwelling 
arterial catheter, the procedure is invasive and inereases 
the risk for infeetion. Noninvasive BP monitoring can pro¬ 
vide periodic monitoring for those patients who do not 
require such intensive monitoring. Generally, a noninva¬ 
sive BP is determined by using a euff affixed to an upper 
extremity. In larger patients, generally the euff is placed 
around the bicep, but for small children or infants, a euff 
can be placed around a leg. Although this measure can 
be determined manually, most ICUs have an automated 
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system that is integrated into the bedside monitor. Unlike 
manual determination of systolic and diastolic biood pres¬ 
sure by auscultation of Korotkoff sounds, an automated 
system uses a sensitive transducer to measure simultane- 
ously the total pressure in the cuff as well as oscillations 
that result from the pulsating biood vessel. The systolic 
and diastolic biood pressures are recognized by the changes 
in oscillation intensity. Often, monitors can calculate BP 
at clinician-determined intervals (anywhere from minutes 
to hours) and display the results as needed. Care should be 
taken to ensure proper placement of the cuff or results will 
not reflect the patient’s true BP. As mentioned previously, 
noninvasive BP by cuff cannot be monitoring continu- 
ously and may not be sufficient for some acutely ill 
children. In mechanically ventilated children, increases 
in intrathoracic pressure (by increasing positive end expi- 
ratory pressure for example) can reduce venous return, 
resulting in decreased BP. 

PULSE OXIMETRY 

Oxygenation monitoring is essential in the neonatal and 
pediatric patients, particularly those who are critically 
ill, such as during supported ventilation. Hypoxemia, re- 
duced biood oxygen content, can lead to tissue and end 
organ damage, brain and developmental delays, and 
death. Conversely, hyperoxemia, elevated biood oxygen 
content, can cause retinopathy of prematurity in neo- 
nates, and long-term exposure to elevated concentra- 
tions of oxygen can cause chronic changes in pulmonary 
tissue or even fibrosis. Skilied caregivers cannot always 
detect hypoxemia by visual assessment when oxygen 
saturation levels drop below 80%. Pulse oximetry 
provides a means of monitoring oxygenation level 
trends over time or in response to therapeutic interven¬ 
tions. Pulse oximetry is simple to use, accurate (when 
applied correctly), and poses minimal discomfort to the 
patient. Despite limited scientific evidence showing 
improved outcomes with pulse oximetry, it is widely 
used to continuously monitor patients throughout the 
hospital, in clinic, and at home. 

Principles of Operation 

Oxygen is carried in the biood in two forms: bound and 
dissolved. Approximately 98% of the oxygen found in arte- 
rial biood is bound to hemoglobin, whereas the remaining 
2% is dissolved in the plasma.' The hemoglobin binds with 
oxygen in the pulmonary circulation and is then released 
at the tissue level for use. The saturated concentration of 
oxygen in the artery (Sao 2 ) is related to that which is 
dissolved in the plasma (Pao 2 ). This relationship and 
its modified response to pH, C0 2 , and other factors is 
described by the oxyhemoglobin dissociation curve. 
Pulse oximeters measure the relative concentration of 
oxyhemoglobin to total hemoglobin in pulsatile arterial 
biood (Spo 2 ). 3 



FIGURE 9-1 Proper alignment of light-emitting diodes (LEDs) 
opposite the photodiode in a sensor applied to a patient’s finger. 


A pulse oximeter sensor has two light-emitting diodes 
(LEDs) that function as light sources and a photodiode 
that measures the amount of light from the LEDs 
(Figure 9-1). One LED emits red light, and the other di¬ 
ode emits infrared light. The sensor is placed over a 
translucent part of the body (finger, toe, earlobe, etc.). As 
the light from the diodes passes through the biood and 
tissue, some of the light from both the red and the infra¬ 
red diodes is absorbed by oxyhemoglobin. The photodi¬ 
ode then measures the amount of light that passes 
through the body without being absorbed. Because 
oxyhemoglobin (hemoglobin bound with oxygen) and 
deoxyhemoglobin (hemoglobin not bound with oxy¬ 
gen) absorb significantly different amounts of light, the 
proportion of oxyhemoglobin (expressed as a percent- 
age) is determined (Figure 9-2). To measure arterial 
biood, the sensor detects pulsatile biood as it enters the 
tissue. 

Application 

Pulse oximeters do not require calibration at the bedside 
because they are precalibrated during the manufacturing 
process and the calibration is built in to the device’s algo- 
rithm. The wavelength of the sensor diodes is checked and 
then coded into a calibration resistor. The instrument 
decodes the resistor each time it is turned on, at periodic 
intervals during use, or when a new sensor is used. 

Various sensors are available for different clinical set- 
tings. The disposable bandage type for wrapping around a 
finger or toe is used most often for neonates and larger 
children (Figure 9-3). Application of the sensor is crucial to 
the quality of readings from the pulse oximeter. The sensor 
should be placed over a vascular area with the diodes and 
the photodiode directly opposite each other and in good 
contact with the skin. The sensors should be placed firmly 
to avoid falling ofif or motion artifact, but care should be 
taken to avoid overtightening and compromising local 
circulation. 4 The sensor sites should be changed routinely 
and the monitoring sites assessed for tissue injury. Finger 
and ear clips are also available for larger patients. Care 
must be taken with the clip type of sensors because 
the clinician has limited control of the spring tension and 
the pressure created on the extremity. 

The gold standard for biood oxygen measurement is the 
arterial biood gas. However, this requires an arterial sam¬ 
ple be obtained using a needle and syringe or indwelling 
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FIGURE 9-2 Differences in light absorption between deoxygenated hemoglobin (0% saturation) and 
oxygenated hemoglobin (100% saturation) during pulsatile signals. 



FIGURE 9-3 Pulse oximeter probe attached to a child’s toe. 


catheter. Needles sticks can be traumatic for some chil- 
dren, and the pain associated with it can increase agita¬ 
tion, thus increasing respiratory and heart rates, which 
may unintentionally affect gas exchange, rendering the 
arterial biood gas biased and limited in usefulness. Con- 
versely, pulse oximetry is noninvasive, comfortable, and 
therefore routinely used to assess oxygenation in the 
neonatal and pediatric population. 4 

In the premature infant, site selection is crucial. In car- 
diac circulation, you will recall that the ductus arteriosus 
provides a communication between the aorta and the pul- 
monary artery during fetal circulation. The failure of the 
duet to close after birth results in a left to right shunt, 
referred to as a patent ductus arteriosus (PDA). Three arte¬ 
rial vessels take ofif from the aorta. The first diverts biood 
to the right arm and head, before the PDA (preductal). The 
remaining vessels occur postductal and therefore contain 
some proportion of deoxygenated biood resulting from 
shunting of deoxygenated pulmonary biood into the arte¬ 
rial circulation. Preductal oxygen saturation reflects an 


infant’s biood occurring before the ductus arteriosus and 
before it has a chance to be mixed with deoxygenated 
biood. A postductal oxygen saturation is a measurement 
taken after the ductus arteriosus and has been mixed with 
deoxygenated biood from the pulmonary circulation. 
Therefore, sensor placement on right arm or head will 
reflect preductal values and the left arm and the lower 
parts of the body will reflect postductal oxygen saturation 
values. In some premature infants, pre- and postductal 
oxygen saturations are simultaneous monitored. The 
difference between pre- and postductal oxygen saturation 
can reflect the degree of shunting, response to related 
therapies and need for intervention. This phenomenon 
can be observed using a transcutaneous monitor as well, 
which is discussed later in this chapter. 

Limitations 

Pulse oximetry was originally developed by anesthesiolo- 
gists for use in the operating room. Unlike the operating 
room, however, patients can be awake, alert, and active. 
This introduces motion artifact that adversely, albeit 
temporarily, affect the accuracy of pulse oximetry.'’ Arti¬ 
fact typically manifests in two ways. First, the device may 
continue to read Spo 2 but underestimate the true concen- 
tration of oxyhemoglobin, potentially setting off a lower 
alarm limit. Second, if the artifact obscures the pulse, the 
“loss of pulse” alarm could be triggered, indicating the 
device is not able to pick up any information. Further- 
more, electrical noise and changes in ambient light (e.g., 
fluorescent) can produce artifacts that affect pulse oxime- 
ters; however, with improved technology, this is less of a 
problem than in the past. Accuracy of arterial oxygen 
saturation measurement is reduced at levels below 80%. 
Flowever, the clinical relevance of this is limited because 
saturations less than 80% indicate a medical emergency 
for most children. When using a finger probe, some 
nail polishes can negatively affect Spo 2 accuracy, causing 
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displayed values to be falsely low. Acrylic nails do not ap- 
pear to interfere with pulse oximetry readings. ’ It is impor- 
tant to note that impaired peripheral perfusion (perfusion 
to where the sensor is placed) can affect the Spo 2 . Condi- 
tions such as low cardiac output, vasoconstriction, vasoac- 
tive therapy, and hypothermia can adversely affect the 
accuracy of pulse oximetry, and therefore care should be 
taken in these circumstances when interpreting results. 4 

Some studies have questioned the correlation of pulse 
oximeters and arterial biood gases in the neonate. 5 Neona¬ 
tal patients with hyperbilirubinemia or anemia and those 
receiving hyperalimentation, total parenteral nutrition 
(TPN), or inotropic infusions may not yield ideal correla¬ 
tion with arterial biood gases. The sensitivity of pulse 
oximtery to detect the presence and degree of hyperoxia 
may be limited in the neonatal patient. If the oximeter is 
reading an Spo 2 of 100%, the arterial oxygen tension (Pao 2 ) 
could be between 90 and 250 mm Hg. However, many 
neonatal intensive care units target an Spo 2 below a 
certain threshold to reduce the risk of retinopathy of pre- 
maturity in premature babies. Proper site selection, under- 
standing the principles of operation, and routinely assess- 
ing the patient to correlate the Spo 2 with other 
physiological data should help to minimize these limita- 
tions and ensure that the pulse oximeter remains a valu- 
able clinical tool. 

Another important limitation concerns other gases that 
can be combined with hemoglobin, such as carbon mon- 
oxide (yielding carboxyhemoglobin). Most pulse oxime¬ 
ters cannot differentiate between oxyhemoglobin and 
carboxyhemoglobin. Therefore, in subjects with suspected 
carbon monoxide inhalation, a pulse oximeter will yield 
a percentage of hemoglobin with bound gases, not specifi- 
cally those bound with oxygen. Caution should be exer- 
cised when interpreting pulse oximetry data in patients 
with suspected inhalation injury. 

Recent technological advancements in pulse oximtery, 
such as signal extraction technology (SET), and noninva¬ 
sive hemoglobin and oxygen content measurements, may 
prove to benefit patients with enhanced monitoring. SET 
pulse oximetry combines the traditional method based on 
red and infrared pulse oximeter signals with advanced 
techniques allowing signal “noise” produced by venous 
biood movement during motion to be filtered out, produc- 
ing more accurate measurements of the arterial oxygen- 
ation of patients who are moving or with poor tissue 
perfusion. Noninvasive hemoglobin and oxygen content 
can be measured using dedicated pulse oximtery devices 
and specialized sensors. Some studies have shown that this 
provides an accurate measurement of hemoglobin in most 
subjects. 9 However, more research is needed to assess the 
accuracy and agreement of measurements in critically ill 
infants and children, particularly because these patients 
may have reduced peripheral perfusion that could 
adversely affect hemoglobin measurements during pulse 
oximetry. 


CAPNOGRAPHY 

Capnography is the measurement and representation of 
exhaled carbon dioxide. Capnography uses a noninvasive 
airway adapter or specialized nasal cannula as well as 
a dedicated monitoring device to measure the exhaled par¬ 
tial pressure of C0 2 (Pco 2 ) and also the total volume of 
exhaled C0 2 per unit of time. This technique is especially 
useful during mechanical ventilation because it can pro- 
vide clinicians with important information about ventila¬ 
tion (such as changes in hemodynamics, confirmation of 
endotracheal tube placement, and response to changes in 
therapy, as well as others). 10 End-tidal C0 2 refers to the 
partial pressure of C0 2 and the end of an exhalation 
(Petco 2 ) and is commonly displayed in the unit mm Hg. 
Volumetric capnography refers to the simultaneous mea¬ 
surement of gas flow and C0 2 concentrations such that 
volumetric C0 2 values can be numerically and graphically 
displayed. Volumetric carbon dioxide elimination (Vco 2 ) is 
typically measured in milliliters per minute (ml/min). 

Principles of Operation 

The most common methods used to continuously mea¬ 
sure carbon dioxide concentration in an exhaled gas 
employ infrared spectroscopy and mass spectrometry. 
Infrared spectrometry is based on the faet that infrared 
light is strongly absorbed by carbon dioxide. Mass spec¬ 
trometry uses an electronic beam that ionizes gases. The 
resulting particles are then deflected emitting a specific 
wavelength by which the concentration of the gas can be 
determined. Infrared spectrometry allows for real-time, 
continuous measurement and display of Pco 2 with a delay 
time of about 0.25 second. Mass spectrometry is also 
accurate but has a delay time of 0.1 to 80 seconds. In addi¬ 
tion, it is expensive, is not as portable, and is therefore 
rarely used at the bedside. 11 

Gases from an exhaled breath can reach the sample 
chamber in one of two ways. Mainstream capnography 
is used primarily during mechanical ventialtion, with 
placement at the proximal end of an endotracheal tube 
(Figure 9-4). This method employs infrared spectrome- 
ters. Sidestream capnography analyzers continuously 
aspirate a sample of gas through a small tube to the ana- 
lyzer and can be used during mechanical ventilation and 
spontaneous breathing. Bedside sidestream monitors also 
primarily use infrared spectroscopy, although some do 
employ mass spectrometry. However, the narrow tubing 
can become occluded with mueus or water, causing inac- 
curacies. In addition, infants with small tidal volumes can 
contaminate the sample line with fresh gases. It is impor¬ 
tant to choose the correct adapter given a patient’s size 
and gas flows. An infant C0 2 adapter has a small internal 
diameter and therefore small dead space (which reduces 
the amount of added mechanical dead space) but in- 
creases the airway resistance. If an infant C0 2 adapter is 
used on a larger child, airway resistance is elevated, which 
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FIGURE 9-4 Location ofmainstream airway adapter (A) and sidestream adapter (B) in patient’s airway. 


could cause significant discomfort for the patient and 
limit ventilation. On the other hånd, if an adult sensor 
is placed on a small infant, the proportion of added 
mechanical dead Space to the breathing circuit could 
cause rebreathing of co 2 , impeding appropriate ventila¬ 
tion. It is therefore important to follow manufacturer’s 
recommendations for sensor selection. 

Petco 2 can be used as a surrogate for the arterial partial 
pressure of C0 2 (Paco 2 ) within physiological limits. Nor¬ 
mally, Petco 2 is 2 to 5 mm Hg below Paco 2 . The reason for 
this is the proportion of dead-space ventilation. At the 
alveolar level, Paco 2 will equal the partial pressure of C0 2 in 
the alveolar gas (PAco 2 ) as diffusion occurs across the al¬ 
veolar capillary membrane. Recall that each breath con- 
tains a portion that is not involved in gas exchange, 
referred to as the dead-space volume (such as that in the 
endotracheal tube and conducting airways). Alveolar 
volume is that which is involved in gas exchange as it 
comes into direct contact with capillaries for 0 2 and C0 2 
exchange. In healthy infants and children, dead space ac- 
counts for around 30% to 40% of ventilation. This means 
that for a tidal volume of 100 ml, we would expect 30 ml 
to not be involved in gas exchange and therefore not 
contain C0 2 . Let us assume that Paco 2 and consequently 
Paco 2 contain 40 mm Hg. In this example, 70 ml contains 
40 mm Hg of C0 2 and 30 ml contains 0 mm Hg. As these 
gases are mixed and exhaled, the alveolar gas is “diluted” 
by dead space and the Petco 2 concentration may be around 
35 mm Hg. It is essential that the clinician has a firm un- 
derstanding of this physiological phenomenon because 
changes in dead space will affect the gradient between 
Petco 2 and Paco 2 ; increased dead space will increase the 
gradient and reduced dead space will reduce the gradient. 
Petco 2 monitoring has also been used to help ensure the 
adequacy of chest compressions during cardiopulmonary 
resuscitation and to confirm proper placement of endotra¬ 
cheal tubes after intubation. 

If Petco 2 is thought of as the concentration of C0 2 in 
an exhaled breath, Vco 2 is thought of as the flow of C0 2 


out of the patient (C0 2 elimination). Some C0 2 monitors, 
and often those that are integrated into the mechanical 
ventilator, provide simultaneous Pco 2 and flow data. A 
plot of Pco 2 and volume can therefore be plotted. The 
Pco 2 -volume plot enables the estimation of airway dead- 
space volume, alveolar volume, C0 2 elimination, and 
alveolar minute ventilation (Figure 9-5). C0 2 elimination 
is normally 2 to 3 ml/kg/min in adults. However, typical 
values seen in children are greater when normalized to 
body weight. Newborn infants can range approximately 
5 to 7 ml/kg/min and older children anywhere from 
3 to 5 ml/kg/min. 12 Monitoring C0 2 elimination may 
help guide decision making and response to ventilator 
titration in mechanically ventilated children. 10 

Limitations 

Although both methods for Pco 2 monitoring require the 
placement of an airway adapter proximal to the patient’s 
breathing circuit, mainstream capnography adapters tend 
to be a bit more bulky because the sensors used to measure 
Pco 2 are located at the airway. In small infants, the added 
weight of the mainstream sensor can be a concern. In some 
cases it may not be used because of this, but in most cases 
can be used safely with careful attention to sensor place¬ 
ment and endotracheal tube securement. As discussed 
earlier, inappropriate sensor selection can have a detrimen- 
tal effect on ventilation with each method. Water conden- 
sation and secretions can also build up to the point that 
they occlude either the sensor window in mainstream ana- 
lyzers or the samples line in sidestream analyzers. Frequent 
assessment of the sensor, sensor replacement, and appro¬ 
priate secretion and humidification management will 
ensure that Pco 2 is measured continuously without pro- 
tracted interruptions. 

Interpretation of Capnogram 

Trending ETco 2 will give the bedside clinician a good sense 
of the adequacy of ventilation for the patient. An increase in 
ETco 2 from previous levels might indicate hypoventilation. 
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FIGURE 9-5 Volumetric capnography plot of CO 2 (expressed as a fraction) and exhaled tidal volume 
showing airway dead space, alveolar volume, and dead-space volume. 


The possibility of decreased tidal volume or respiratory rate 
should be investigated. A decrease in ETco 2 from previous 
levels might indicate hyperventilation. Interpretation of the 
capnogram (waveform display of the exhaled carbon diox- 
ide) can also help the clinician detect other ventilatory 
abnormalities. 

The normal capnogram can be divided into four phases 
(Figure 9-6): 

Phase A-B: The inspiratory phase, during which the sensor 
detects no carbon dioxide 

Phase B-C: The initial expiratory phase, during which carbon 
dioxide rapidly increases as the alveoli begin to empty 
Phase C-D: The completion of expiration as the alveoli 
empties (alveolar plateau) and shows a slight increase 
in carbon dioxide 

Phase D-E: The beginning of inspiration as the waveform 
returns to zero 

Detection of Ventilation Problems 

The clinician can use the capnogram to detect important 
ventilation problems in neonatal and pediatric patients. 


Endotracheal Tube in Esophagus 

A normal capnogram provides evidence that the endotra¬ 
cheal tube is in the proper position and that alveolar venti¬ 
lation is occurring. When the endotracheal tube is placed 
incorrectly in the esophagus, no carbon dioxide will be de- 
tected or only small transient capnograms will be present. 

Rebreathing 

Rebreathing is characterized by an elevation in the A-B 
phase of the capnogram, with a corresponding increase in 
ETco 2 . It indicates the rebreathing of previously exhaled 
carbon dioxide. Rebreathing can be caused by allowing an 
insufficient expiratory time or by inadequate inspiratory 
flow (Figure 9-7). 

Obstructed Airway 

Obstruction of the expiratory flow of gas will be noted as a 
change in the slope of the B-C phase of the capnogram. 
The B-C phase may diminish without a plateau. Obstruc¬ 
tion can be caused by a foreign body in the upper airway, 
increased secretions in the airways, the patient having 


C0 2 WAVEFORM 



A-B: Exhalation of C0 2 free gas from 
dead space. 

B-C: Combination of dead space and 
alveolar gas. 

C-D: Exhalation of mostly alveolar gas 
(alveolar plateau). 

D: “End-tidal” point—C0 2 exhalation 
at maximum point. 

D-E: Inhalation of C0 2 free gas. 


FIGURE 9-6 Normal capnogram. 
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FIGURE 9-7 Effect of rebreathing carbon dioxide on the capno- 
gram. Note that the inspiratory level does not return to zero. 

bronchospasms, or partial obstruction of the ventilator 
circuit (Figure 9-8). 

Paralyzed Patients 

Patients who are paralyzed and receiving mechanical ventila¬ 
tion may develop a cleft in the C-D phase of the capnogram. 
The cleft may indicate a return in diaphragmatic activity and 
the need for additional paralytic agents (Figure 9-9). 

Pneumothorax 

A stair-stepping of the D-E phase of the capnogram, 
caused by unequal and incomplete emptying of the lungs, 
and a failure to return to baseline may suggest a pneumo¬ 
thorax (Figure 9-10). 

Cardiogenic Oscillations 

Cardiogenic oscillations may be seen in patients with long 
expiratory times and slow respiratory rates. The oscilla¬ 
tions will be seen in the D-E phase of the capnogram and 
occur as the heart contracts and moves the lungs, causing 
gas flow (Figure 9-11). 


40 


D) 



FIGURE 9-8 Capnogram with sloping alveolar plateau repre¬ 
sentative of airway obstruction. 



Pneumothorax 



FIGURE 9-10 Stair effect on the descending limb of the cap¬ 
nogram indicating a potential pneumothorax. 



FIGURE 9-11 Cardiogenic oscillations in synchrony with the 
ECG signal. 


Volumetric Capnography (the Carbon 
Dioxide-Volume Plot) 

The concentration of C0 2 is plotted against exhaled tidal 
volume to determine relevant ventilation data such as 
airway dead space, alveolar tidal volume, and extrapola- 
tion of C0 2 elimination and alveolar minute ventilation. 

TRANSCUTANEOUS 

MONITORING 

In the hånds of an experienced and trained clinician, a 
well-maintained and properly calibrated transcutaneous 
monitor will provide accurate information regarding the 
pediatric patient’s oxygenation status. 1 Transcutaneous 
measurement of the partial pressure of oxygen (Ptc° 2 ) 
and carbon dioxide tension (P TC co 2 ) provides continuous 
information about the body’s ability to deliver oxygen to 
the tissues and to remove carbon dioxide. Because the 
sensor is placed on surface tissue, it is important to note 
that measurements may not reflect arterial biood gas 
tensions but rather that of the underlying tissue. When 
hemodynamic conditions are stable, transcutaneous 
measurements correlate well with arterial values, but this 
correlation does not necessarily mean that the measured 
values will be identical. 

Principles of Operation 

Transcutaneous measurements of Po 2 and Pco 2 require 
a heating element, built in to the sensor, that elevates 
the temperature in the underlying tissue. Increasing the 
skin’s temperature increases capillary biood flow to the 
tissues, making it more permeable to gas diffusion. 
The tissue under which the sensor is placed will con- 
tinue to consume oxygen and produces carbon dioxide 
(according to their metabolic demands). Consequently, 
measured values obtained with a transcutaneous moni¬ 
tor will differ from arterial values. 14,13 Generally, the Po 2 
is slightly lower than in the arteries, and the Pco 2 is 
slightly higher. 

Application 

The most critical aspect of transcutaneous monitoring is 
site selection and the application of the sensor (Figure 9-12). 
The site should be a highly vascular area such as the earlobe, 
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FIGURE 9-12 Transcutaneous oxygen monitor electrode placed 
on a child’s arm. 

upper chest, abdomen, or thighs or the lower back if the 
patient is supine; bony areas and those with limited perfu¬ 
sion, such as over the spine, should be avoided. 

Selecting a sensor temperature is important to proper 
operation. 16 The temperature range is usually 41 ° to 44° C. 
Heating of the sensor requires that the site be changed on 
a routine basis to prevent thermal injuries. The frequency 
of site changes ranges from 4 to 12 hours (depending on 
the device and sensor temperature) but can be reduced if 
necessary. 

Meticulously following the manufacturer’s membrane 
changing procedure and calibration instructions will result 
in the most accurate readings. Once the machine has been 
prepared and the site selected, the skin must be cleaned to 
wipe away dead skin, oils, and medications. The accuracy of 
the sensor is improved by using 1 or 2 drops of contact gel 
or even normal saline or sterile water. This liquid-to-liquid 
medium makes the diffusion of gases more efficient. The 
sensor is then attached to the skin with a fixation ring 
(or earlobe clip). This ring must form a good seal between 
the sensor and skin, eliminating air bubbles. 

Limitations 

Transcutaneous monitoring provides a noninvasive, simple 
means of continuously monitoring ventilation. However, 
it can be labor intensive, involving sensor preparation, 
frequent site and membrane changes, and calibration. 1 
Additionally, because transcutaneous monitors require 
the tissue to be heated, a period of time (usually just a few 
minutes) exists immediately after application during which 
no values can be measured. Once the tissue has been appro- 
priately heated, values can be displayed. For long-term 
monitoring this is generally not a concern; however, in 
emergency situations requiring immediate action, a trans¬ 
cutaneous monitor may not be ideal. A transcutaneous 
monitor is limited in its usefulness during cardiopulmonary 
resuscitation and airway obstruction or apnea detection. 

Changes in perfusion can adversely affect the accuracy 
of transcutaneous measurements. The skin reacts to cold, 
shock, and certain drugs by contracting the superficial 
biood vessels, opening larger, deeper arterioles to achieve 


a shunting effect. Capillary biood flow is reduced upon 
exposure to cold temperatures in order to reduce the loss 
of body heat. Shock and certain medications can also di- 
vert biood from capillaries to the central circulation. In all 
cases of reduced capillary perfusion, the capillary biood, 
which is measured using a transcutaneous monitor, may 
reflect measurements associated with venous biood, with 
a considerably lower Po 2 and higher Pco 2 (compared with 
values obtained with good capillary perfusion). 11 If a 
patient has poor skin integrity, transcutaneous monitor¬ 
ing may also be contraindicated. 

Some sensors combine oxygen saturation (So 2 ) and 
transcutaneous carbon dioxide measurements in a single 
ear sensor. The sensor is heated to 42° C to maximize 
capillary biood flow. The location of the sensor on the ear 
may decrease motion artifact because less head movement 
occurs in neonates. This type of sensor reduces the num- 
ber of wires attached to the patient’s chest, enabling a 
clearer view for chest X-ray examinations. When end-tidal 
carbon dioxide measurements are not possible, or are 
found to be limited in some way (e.g., in newborns with 
large air leaks or those requiring high-frequency ventila¬ 
tion), a transcutaneous sensor may be optimal. 

CALORIMETRY 

Appropriate nutrition in children is associated with re¬ 
duced risk of hospital mortality. 17 However, ensuring that 
nutritional requirements are correctly met for critically 
ill neonatal and pediatric patients can be difficult. By 
correctly assessing nutritional needs and tracking ade- 
quate intake, outcomes may be improved. Calorimetry is 
the measurement of gas exchange and the determination 
of energy expenditure (where energy expenditure is the 
amount of energy burned by a patient per unit of time, 
typically expressed in kilocalories per day [kcal/day]). Gas 
exchange refers to the volume of oxygen that is consumed 
by the patient (oxygen consumption [Vo 2 ]) and the 
volume of carbon dioxide that is produced by the patient 
(carbon dioxide production [Vco 2 ]). Resting energy 
expenditure (REE) is generally defined as the amount of 
energy required in a 24-hour period during which the body 
is performing minimal activity (typically expressed as kcal/ 
day). The determination of a patient’s REE, appropriate 
energy prescription, and intake can reduce the risk of over- 
feeding and underfeeding. A neonate’s energy expenditure, 
when expressed per unit of body weight, is higher at birth 
compared with other times in life. 21 Equations are avail- 
able that relate a child’s gender, age, height, and weight 
into an estimation of energy expenditure. An example that 
is commonly used in neonates and pediatric patients is the 
Schofield equation (Table 9-1). 18 However, formulas are 
known to be inaccurate in many children, particularly 
those requiring mechanical ventilation. 19 Therefore, deter¬ 
mination of REE through measurement of Vo 2 and Vco 2 is 
often required. 20 
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TABLE 9-1 


The Schofield Equation 


Age 

Males 

Females 

<3 y 

0.167W + 15.174H - 

16.252W + 


617.6 

10.232H - 413.5 

3-10 y 

19.59W + 1.303H + 

16.969W + 


414.9 

1.618H + 371.2 

10-18 y 

16.25W + 1.372H + 

8.365W + 


515.5 

4.65H + 200.0 

18-30 y 

15.057W - 0.1 H + 

13.623W + 


705.8 

2.83H + 98.2 

H, Ht. m 

cm: W. wt. in kg. 


From Schofield WN. Predicting basal metabolic. 

, new and review of 

previous work. Hum Nutr Clin Nutr 39(C Suppl 1):5-41, 1985. 


Two methods exist for measuring calorimetry: direct 
and indirect. Direct calorimetry extrapolates energy ex- 
penditure by measuring heat produced and lost from the 
body, whereas indirect calorimetry combines measure- 
ments of Vo 2 and Vco 2 into an equation to calculate energy 
expenditure. Most energy expenditure reports contain re¬ 
sults for Vo 2 , Vco 2 , REE, and respiratory quotient (which is 
Vco 2 /Vo 2 and can be used to determine substrate utiliza- 
tion). For critically ill, mechanically ventilated patients, Vo 2 
will be approximately 4.5 to 6.3 ml/min/kg for newborns 
and infants, 2.7-4.5 ml/min/kg for older children and 1.6- 
2.4 ml/kg/min for large teenagers and adults. 

Principles of Operation 

Direct calorimeters are bulky, expensive, and not suitable for 
critically ill infants and children. Indirect calorimeters, on 
the other hånd, can be transported to the patient 5 s bedside. 
Open- and closed-circuit designs are available on indirect 


calorimeters. Although closed-circuit indirect calorimeters 
may sometimes be used, open-circuit devices are much more 
common. The open-circuit indirect calorimeter measures the 
volume of consumed oxygen and eliminated carbon dioxide 
(Vo 2 and Vco 2 , respectively). To accomplish this, inspiratory 
and expiratory gas concentrations are measured with an 0 2 
sensor (typically a galvanic cell) and C0 2 sensor (typically a 
nondispersive infrared sensor similar to that used in ETco 2 
monitors, albeit with greatly improved accuracy) and a highly 
accurate flow sensor. All sensors must be precisely calibrated 
before usage. The system can be set up to take measurements 
during mechanical ventilation and during spontaneous 
breathing. During mechanical ventilation some systems use 
a sensor placed at the airway (similar to an end-tidal C0 2 
sensor), whereas others require multiple connections: inspi¬ 
ratory gas concentration sample, expiratory gas concentra- 
tion sample, and flow sensor placed at the ventilator exhaust 
(Figure 9-13). Alternatively, a spontaneously breathing child 
requires a canopy placed over the child’s head (or on top of 
the infant if the patient is small enough) connected to the 
indirect calorimeter, which draws exhaled gases into a 
sample line for volume and gas concentration analysis 
(Figure 9-14). The difference between inspired and expired 
gas fractions are multiplied by the volume measurement to 
yield Vo 2 and Vco 2 . The modified Weir equation uses the Vo 2 
and Vco 2 data to yield energy expenditure: 

Energy expenditure = [3.941(V0 2 ) + 1.106(Vco 2 )] X 1440 

where Vo 2 and Vco 2 are measured in L/min. 21 Fluctuations 
in energy expenditure can occur over time and can be 
greatly affected by temperature, pain or agitation, activity 





































CHAPTER 9 • Noninvasive Monitoring in Neonatal and Pediatric Care 


145 


Flow pump (inside) 



FIGURE 9-14 Typical setup ofan indirect calorimeter for measurement of energy expenditure of the 
spontaneously breathing child or infant. 


level, changes in disease State, and ventilator parameters. It 
is important to gather data with minimal fluctuations in 
gas exchange. Therefore, for indirect calorimetry results to 
be valid and used to adjust nutrient intake, measurements 
must reflect a steady-state period. Often, a metabolic test 
lasts 30 minutes. The on-board algorithm (of the indirect 
calorimeter) looks for periods when minimal fluctuations 
in Vo 2 , Vco 2 , RQ, and other parameters are observed. The 
steady-state results are shown on the display. 

Limitations 

Direct calorimetry is cost prohibitive, equilibration and 
measurement are time consuming, and few exist in the 
United States. Indirect calorimetry is not without its limi¬ 
tations: Devices can be costly, dedicated and well-trained 
personnel are required, and measurement errors can be 
introduced during certain conditions. Conditions that 
preclude the use of indirect calorimetry include uncuffed 
endotracheal tubes, cuff or ventilator circuit leaks greater 
than 10% to 15%, Fio 2 greater than 50%, need for high- 
frequency ventilation or extracorporeal membrane oxy- 
genation, and active chest tube leakage. As previously 
mentioned, certain patient conditions, such as unstable 
hemodynamics and agitation, may also limit the Utility of 
indirect calorimetry because these conditions may not re¬ 
flect the patient’s typical energy expenditure. 22 However, 
with proper understanding of the appropriate calibration, 
application, and interpretation of indirect calorimetry 
data, it can be a valuable tool to aid clinicians in determin- 
ing proper nutritional support of the critically ill neonatal 
or pediatric patient. 21 


KEY POINTS 

• Fundamental monitoring methods to measure and 
assess heart rate, respiratory rate, and biood pressure 
include electrocardiography, impedance monitoring, 
and periodic cuff assessment, respectively. 


• Pulse oximetry uses a sensor that includes light-emitting 
diodes and photodiode sensor that measure the relative 
concentration of oxyhemoglobin to total hemoglobin 

in pulsatile arterial biood and displays the result as a 
percentage. 

• Pulse oximeter sensors should be placed in a vascular 
area such as the finger or earlobe, with the diodes and 
the photodiode directly opposite each other and in 
good contact with the skin. 

• End-tidal C0 2 monitoring refers to the measurement 
of C0 2 plotted against time and displays the partial 
pressure ofC0 2 at end exhalation. Volumetric capnography 
refers to a plot of C0 2 and volume and typically 
provides a measure of carbon dioxide elimination, 
alveolar minute ventilation, and airway dead space. 

• The gradient between end-tidal and arterial C0 2 
measurements reflects dead-space ventilation and is 
normally between 0 and 5 mm Hg. 

• Abnormalities that can be detected with capnograms 
include (but are not limited to) rebreathing exhaled 
gases, airway obstruction, and possible pneumothorax. 

• Transcutaneous sensor placement is important to 
enhance accuracy and reduce risk of burns. Sensors 
should be placed in highly vascular area such as the 
earlobe, upper chest, abdomen, or thighs or the lower 
back if the patient is supine; bony areas and those 
with limited perfusion, such as over the spine, should 
be avoided. 

• Potential problems that can adversely affect the accuracy 
of transcutaneous monitoring include impropersite 
selection, not following manufacturer’s guidelines, and 
changes in peripheral perfusion. 

• Indirect calorimetry seeks to measure the amount 
of energy that is used by a patient and help guide 
clinicians in determining optimal nutrition intake. 

• Indirect calorimetry may not be reliable in those 
children who require oxygen concentrations greater 
than 60%, during mechanical ventilation, who have 
an endotracheal tube leak greater than 10%, those 
requiring noninvasive or high-frequency ventilation, 
and those in whom steady State is not achieved. 
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] ASSESSMENT QUESTIONS 

I See Evolve Resources for cwswers. 

1. Which of the following demonstrates incorrect applica- 
tion of the pulse oximeter sensor? 

A. Tight placement over a bony area 

B. Placement over a vascular area 

C. Diodes and photodiode directly opposite each 
other and in good contact with the skin 

D. Firm placement to help avoid motion artifact 

2. The following choices are all disadvantages ofa pulse 
oximeter except: 

A. Ease of use 

B. Artifact 

C. Poor tissue perfusion 

D. Hypothermia 

3. Which of the following measurements are obtained 
via transcutaneous monitoring in the neonatal and 
pediatric population? 

A. Hemoglobin 

B. pH, bicarbonate ion 

C. Po 2 , Pco 2 

D. Oxygen saturation 

4. Which of the following is not a disadvantages of trans¬ 
cutaneous monitoring? 

A. Use is labor intensive because of required frequent 
site and membrane changes and calibration re- 
quirements. 

B. Good correlation requires good peripheral biood 
perfusion. 

C. Use requires the patient to be paralyzed and sedated. 

5. Trending ETco 2 via capnometry enables the clinician 

to have a good sense of the adequacy of_for the 

patient. 

A. Oxygenation 

B. Ventilation 

C. Perfusion 

D. Saturation 

6. The normal capnogram can be divided into four phases. 
Phase B-C, as illustrated below, is indicative of which 
phase? 


C0 2 WAVEFORM 



A. The completion of expiration as the alveoli empty 
(alveolar plateau) 

B. The initial expiratory phase, during which carbon 
dioxide rapidly increases as the alveoli begin to empty 

C. The inspiratory phase, during which the sensor 
detects no carbon dioxide 

D. The beginning of inspiration as the waveform returns 
to zero 


7. A cleft in phase C-D of the capnogram in the figure 
accompanying question 7 may indicate: 

A. An obstruction in the airway, possibly caused 
by a foreign body in the upper airway, increased 
secretions in the airways, bronchospasms, or 
partial obstruction of the ventilator circuit 

B. Medication used to paralyze the infant is 
wearing off 

C. Pneumothorax 

D. Rebreathing of the previously exhaled carbon 
dioxide 

8. What accounts for the difference between Paco 2 and 
end-tidal C0 2 ? 

A. Inadequate respiratory rate 

B. Dead-space ventilation 

C. Spontaneous ventilation 

D. Postductal oxygen concentration 

9. What is the normal gradient between Paco 2 and 
end-tidal C0 2 (Paco 2 minus end-tidal C0 2 )? 

A. —2 to —5 mm Hg 

B. 8 to 10 mm Hg 

C. 10 to 15 mm Hg 

D. 0 to 5 mm Hg 

10. Indirect calorimet ry requires which of the following to 
calculate energy expenditure? 

A. Oxygen saturation and end-tidal carbon dioxide 

B. Oxygen consumption and respiratory rate 

C. Oxygen consumption and carbon dioxide 
elimination 

D. Transcutaneous oxygen and carbon dioxide 
concentration 
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of Neonatal and Pediatric Disorders 



Oxygen Administration 
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OUTLINE 


Indications 

Oxygen Administration 

Documented or Suspected Hypoxemia 

Variable-Performance Oxygen Delivery Systems 

Evidence of Hypoxemia 

Complications 

Fixed-Performance Oxygen Delivery Systems 

LEARNING OBJECTIVES 



After reading this chapter the reader will be able to: 

1. Discuss causes, clinical signs and symptoms, and evidence 
of hypoxemia 

2. Identify adverse physiological effects and equipment- 
related complications associated with oxygen adminis¬ 
tration to neonates, infants, and children 

3. Differentiate between variable-performance and fixed- 
performance oxygen delivery systems and provide 
examples of each 


4. Discuss the indications and contraindications for use 
of oxygen delivery devices in the neonatal and pediatric 
populations 

5. Describe the methods used to apply devices to deliver 
oxygen to neonates, infants, and children 



Humidified high-flow nasal oxygen Nasal cannula Venturi mask 

Hypoxemia Oxygen hood Simple oxygen mask 

Hypoxia Oxygen therapy 


In 1774 Joseph Priestley was credited with discovering the 
colorless, odorless, tasteless gas that Antoine Lavoisier 
1 year later named oxygen. 1 Nearly 150 years would pass 
before the Finnish pediatrician Arvo Ylppo recommended 
the intragastric administration of this gas to infants. 2 It 
was not until 1934 that Dr. Julius Hess, chief of pediatrics 
at the Michael Reese Hospital in Chicago, created the first 
inhaled oxygen delivery device for a premature infant. His 
“oxygen box,” which consisted of a metal hood with a 
small window, was the first oxygen chamber used within 
an incubator. 3 Although the device was criticized both for 
making it difficult to view the infant and for its inability to 
maintain high oxygen concentrations, it led the way in the 


development of oxygen administration devices for prema¬ 
ture infants and children. 4 Further development and use 
of these delivery devices has resulted in significant health 
care benefits, including a reduction in mortality. Today 
the administration of oxygen by inhalation continues 
to play an essential role in the survival of infants and 
children. 

The goal of oxygen administration is to achieve ade- 
quate tissue oxygenation. The system used to provide 
supplemental oxygen must be appropriate to the patienfs 
size, gestational and postnatal age, and clinical condition. 
Selection of the oxygen delivery device and flow rate is 
targeted to meet the specific physiological needs and 
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therapeutic goals of each patient. - ’ Unfortunately, adverse 
reactions from the therapeutic use of oxygen are well 
documented in neonatal and pediatric patients. Therefore 
it is imperative that oxygen therapy be provided at accu- 
rate and safe levels with the lowest possible fractional 
concentration of inspired oxygen (Fio 2 ). 

INDICATIONS 

Documented or Suspected 
Hypoxemia 

A need to correct hypoxemia (low oxygen content in the 
biood) is the most common indication for oxygen therapy. 6 
Left untreated, hypoxemia progresses to hypoxia (low tis- 
sue oxygen) and possibly anoxia (absent tissue oxygen), 
which, if severe enough, leads to metabolic abnormalities 
and the development of acidosis. 

Hypoxemia occurs as a result of decreased alveolar 
ventilation, decreased inspired oxygen, poor ventilation- 
perfusion relationships, intrapulmonary or cardiac shunt- 
ing, diffusion defects, or short red biood cell transit 
times. In conditions such as anemia or carbon monoxide 
poisoning, the oxygen-carrying capacity of the biood is 
reduced despite the presence of normal arterial oxygen 
tension (Pao 2 ). Bradycardia, cardiac failure, hypotension, 
and hypothermia leave the circulatory system unable 
to provide adequate tissue oxygen. In rare cases, such as 
cyanide poisoning, the tissue is unable to accept and use 
oxygen, despite adequate oxygen delivery. The documen- 
tation of hypoxemia through arterial biood gas sampling 
or pulse oximetry provides the most definitive evidence of 
actual or impending tissue hypoxia. 

Administration of oxygen is also appropriate if hypoxia 
is strongly suspected on clinical grounds. However, sub- 
stantiation of either the Pao 2 or the percentage of oxygen 
saturation (Spo 2 ) is required within an appropriate period 
after administration. 6,7 In emergency situations, such as 
severe respiratory distress, shock, or cardiopulmonary 
arrest, oxygen therapy is never withheld even if laboratory 
test results are unavailable. 

Evidence of Hypoxemia 
Measurement of Oxygen Tension 
and Saturation 

In children a Pao 2 less than 80 mm Hg and an Spo 2 less 
than 95% usually indicate hypoxemia. However, generally 
agreed on practice is to only treat Spo 2 less than 90% or a 
Pao 2 less than 60 mm Hg. Because fetal hemoglobin has a 
much greater affinity for oxygen, the oxygen dissociation 
curve is shifted to the left, allowing a higher saturation for 
any given Pao 2 . The normal immediate postnatal Pao 2 of 
50 to 60 mm Hg corresponds closely with an Spo 2 of 85% 
to 90%. For this reason, it is generally agreed that a Pao 2 
less than 50 mm Hg and an Spo 2 less than 88% in the 
newborn indicate hypoxemia and necessitate initiation of 
oxygen therapy. The Pao 2 and the Spo 2 are the principal 


clinical indicators used to begin, monitor, adjust, and 
terminate oxygen administration. 

Clinical Signs and Symptoms 

In the infant and child the earliest clinical manifestations 
of hypoxia are tachycardia and tachypnea. Worsening 
hypoxia results in decreased ventilation, apnea, and brady¬ 
cardia. This is especially true in both the neonate and the 
term infant. Other physical signs of hypoxia include grunt- 
ing, nasal flaring, retractions, paradoxical breathing, cya¬ 
nosis, irritability, and increased restlessness. 8 Often the 
neonate or infant becomes lethargic and flaccid, with arms 
and legs extended in a “frog leg” position. 

The presence of cyanosis has often been used to deter- 
mine inadequate oxygenation. Although this clinical sign 
is somewhat useful in the pediatric and adult patient, its 
presence in infants is often a late sign of severe hypoxia. 
Peripheral cyanosis (acrocyanosis) is the bluish discolor- 
ation of the skin or extremities. It occurs when a decrease 
in body temperature results in poor peripheral circulation 
or vasoconstriction. Central cyanosis involves the warm 
and well-perfused areas of the tongue and mucous mem¬ 
branes. It does not occur until reduced hemoglobin reaches 
4 to 6 g/dl in arterial biood. In the child and adult the re¬ 
duced hemoglobin concentration at which cyanosis occurs 
corresponds to a Pao 2 of approximately 50 to 60 mm Hg 
and an Spo 2 of 85% to 90%. In the infant, the stronger 
affinity of fetal hemoglobin for oxygen results in the Pao 2 
falling to a significantly lower level before reduced hemo¬ 
globin is present at 5 g/dl in arterial biood. In faet, by 
the time central cyanosis is present in the infant, oxygen 
delivery to the tissues is grossly insufficient. For this reason 
central cyanosis is considered an unreliable indicator 
of the degree of tissue hypoxia. The clinical impression 
of cyanosis in the infant must be confirmed by arterial 
biood gas analysis or pulse oximetry. 

COMPLICATIONS 

Complications of therapeutic oxygen administration are 
separated into two categories: adverse physiological effeets 
and equipment-related complications. Adverse reactions 
that result direetly from using a specific oxygen delivery 
device are discussed in later sections describing that device. 
Although potential risks are present whenever oxygen 
is administered, the consequences of hypoxia are more 
severe. 

In certain chronic lung disorders, including cystic fibro- 
sis and bronchopulmonary dysplasia, the normal response 
to ventilation is blunted because of chronic carbon dioxide 
retention. Abrupt and excessive inereases in supplemental 
oxygen decrease the respiratory drive and result in hy- 
poventilation and respiratory acidosis that may lead to re¬ 
spiratory arrest. The goal of oxygen therapy in patients 
with this degree of chronic lung disease is to correct the 
hypoxemia without decreasing the pH. Supplemental 
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oxygen should be initiated at a low Fio 2 and increased on 
the basis of the results of Pao 2 or Spo 2 monitoring. 

The role of oxygen in the development of retinopathy of 
prematurity (ROP) is controversial. It is believed to cause 
constriction of retinal and cerebral vessels in neonates and 
infants, which can lead to ischemia, varying degrees of 
retinal scarring, and retinal detachment. Formerly referred 
to as “retrolental fibroplasia,” ROP may resolve spontane- 
ously or result in permanent visual impairment, including 
blindness. In the 1940s and 1950s when oxygen was 
administered to premature infants without biood gas 
monitoring, ROP reached epidemic proportions. 10,11 Many 
other factors, in addition to oxygen, appear to correlate 
with the development of ROP, including gestational 
age, intraventricular hemorrhage, sepsis, and low birth 
weight. 12 

Much has been described in the literature regarding the 
role of supplemental oxygen in the development of ROP. 13-16 
The altered regulation of vascular endothelial growth 
factor (VEGF) has been suggested as one of the factors 
in the pathogenesis of ROP. It thus is possible that 
repeated cycles of hyperoxia and/or hypoxia favor the pro¬ 
gression of ROP. 19,20 It is possible that time outside the 
targeted oxygen saturation range is evidence in preterm 
infants that combines these two factors, hyperoxia and 
hypoxia, and ROP. 

Current practice supports oxygen therapy targeting 
Spo 2 levels at 88% to 95% and maintaining a Pao 2 value of 
50 to 80 mm Hg in infants weighing less than 1500 g. 
Studies that have examined the relationship between 
hospital policies concerning Spo 2 limits and the survival 
and ophthalmic and developmental outcome of prema¬ 
ture infants who have received supplemental oxygen have 
concluded that vigilance concerning oxygen manage¬ 
ment, without adversely affecting death and disability, 
was in some part responsible for the current decline in 
severe ROP. 21-24 But despite the knowledge that hyperoxia 
(high levels of oxygen in the biood) can be detrimental to 
the premature infant, there remains a challenge in estab- 
lishing limits for the rational use of supplemental oxygen 
in the extremely premature infant. The optimal range of 
oxygenation that can balance the risks of mortality, ROP 
blindness, chronic lung disease, and brain damage con- 
tinues to be studied. 23 A recent randomized trial of a 
lower target range of oxygenation (85%-89%) compared 
with a higher range (91%-95%) found that death before 
discharge occurred more often in the lower-oxygen- 
saturation group (19.9% vs. 16.2%), whereas severe reti¬ 
nopathy among survivors occurred less often in this 
group (8.6% vs. 17.9%). 

High concentrations of oxygen have been linked to atel- 
ectasis, pulmonary vasodilation, and pulmonary fibrosis. 
In the face of high oxygen levels, the alveolar oxygen ten¬ 
sion (Spo 2 ) may increase and the alveolar nitrogen de- 
crease, resulting in absorption atelectasis. As the nitrogen 
is replaced by oxygen, the biood rapidly absorbs the oxygen, 


gas volume decreases, and atelectasis develops. High Fio 2 
levels may also result in pulmonary vasodilation. As the 
pulmonary vasculature dilates and alveolar volumes de- 
crease, areas of ventilation-perfusion mismatch occur 
with increased intrapulmonary shunting and worsening of 
arterial oxygen delivery. In patients with a hypoplastic left 
ventricle or a single ventricle, the increased Pao 2 that 
occurs with oxygen therapy has been reported to compro- 
mise the balance between pulmonary and systemic biood 
flow. 26 There are also reports of pulmonary fibrosis occur- 
ring after oxygen administration to patients with Paraquat 
poisoning and to those receiving the chemotherapeutic 
agent bleomycin. 27,28 

OXYGEN ADMINISTRATION 

Many of the devices used to deliver supplemental oxygen 
to neonatal and pediatric patients are simply smaller 
versions of the adult devices. They are similarly classified 
in the same manner as either variable-performance 
oxygen delivery systems (low-flow and reservoir systems) 
or fixed-performance oxygen delivery systems (high-flow 
systems). 3 

Variable-performance oxygen delivery systems include 
devices that are not capable of meeting the patient’s inspi- 
ratory demand and therefore provide a fractional concen- 
tration of delivered oxygen (Fdo 2 ) that varies with the 
patient’s rate and depth of ventilation and the flow rate of 
the gas. These devices include low-flow nasal cannulas, 
nasopharyngeal catheters, tracheostomy oxygen adapters, 
simple oxygen masks, partial-rebreathing masks, and non- 
rebreathing masks. 

Fixed-performance oxygen delivery systems include 
devices that can meet or exceed the patient’s inspiratory 
demand and thereby provide an accurate Fdo 2 that is not 
affected by changes in the ventilatory pattern. These de¬ 
vices include high-flow nasal cannulas, air-entrainment 
masks, air-entrainment nebulizer systems, and oxygen 
blender systems. The last category of oxygen delivery de¬ 
vices includes enclosure systems that provide some means 
of controlling oxygen concentration, temperature, and 
humidity. These devices include oxygen hoods, oxygen 
tents, and closed incubators. 3 

Variable-Performance Oxygen 
Delivery Systems 
Nasal Cannula 

The nasal cannula consists of flexible small-bore tubing 
ending in two soft prongs that are about 1 cm in length 
(Figure 10-1). Oxygen flows from the cannula into the 
patient’s nasopharynx, which acts as an anatomical reser¬ 
voir. For many years, the cannula was used only in pediat¬ 
ric and adult patients. It was not until the 1980s that it was 
proposed for use in infants as well. 29 Today its ease of 
administration makes it the preferred and most com- 
monly used device for oxygen delivery to neonates, infants, 
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FIGURE 10-1 Infant with a neonatal nasal cannula. 


and children. As with the nasopharyngeal catheter, the 
cannula is designed to provide low oxygen concentrations 
from approximately 24% to 45%, with the Fio 2 varying 
with the patient’s inspiratory flow. 30,31 

Indications and Contraindications. Caregivers are 
able to feed and provide for the patient without interrupt- 
ing the delivery of oxygen. When compared with an oxygen 
hood, the nasal cannula allows the patient greater mobil- 
ity, which may increase interactions with the patient’s 
caregivers and environment. 32 Nasal cannulas are contra- 
indicated in patients with nasal obstruction, such as facial 
trauma and choanal atresia.” 

Application. Select the appropriate size cannula and 
insert the prongs into the patient’s nares, making sure that 
the nares are not completely occluded. Wrap the light- 
weight tubing around the ears, and hold it under the chin 
with an adjustable plastic notch. In the very small or active 
infant, secure the cannula to the face to prevent dislodg- 
ment and position the tubing past the ears, securing it be- 
hind the head, instead of under the chin, to prevent airway 
obstruction. Oxygen is delivered from a flow meter and 
bubble humidifier through the small-bore oxygen tubing. 

When adhesive tape is used to secure the cannula to the 
fragile skin of the neonatal patient, epidermal stripping 
can result each time the tape is moved to readjust the 
tubing. Skin irritation can also occur from a local allergic 
reaction to polyvinyl chloride. 5 Popular alternatives to 
using adhesive tape or stoma adhesive are the NeoHold 
cannula/tubing holder (Neotech Products, Valencia, CA) 
(Figure 10-2) and the Tender Grip skin fixation system 
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FIGURE 10-2 NeoHold cannula/tubing holder. The 4-cm-long 
strip attaches to the skin with hydrocolloid while the flap on top 
positions and secures the tubing in place. The clear flap allows 
visualization of the tubing. 



FIGURE 10-3 Tender Grip skin fixation pad. A round base of 
microporous tape is applied to the infant’s skin. The flap on top 
of the base is designed to position and secure the tubing in place. 


(Salter Labs, Arvin, CA) (Figure 10-3). These commercially 
available devices consist of a latex-free base with an adhe¬ 
sive backing of tinted microporous tape that is applied to 
the skin, usually on the patient’s cheek. On top of this base 
is a clear tab with an adhesive backing. The tab folds over 
the cannula tubing and secures the cannula in place 
(cannula lies between the base and the tab). To reposition 
the cannula simply peel back the tab, adjust the tubing, 
and reapply the tab. The microporous tape allows the skin 
to breathe and the tab makes it easy to adjust the cannula 
without irritating the skin. The devices usually adhere to 
the skin for 1 to 3 weeks, staying in place even during 
baths. 

Blenders and Low-Flow Flow Meters. Two methods 
of providing oxygen at low flows through a nasal cannula 
are common in neonatal and pediatric units. The first 
method entails connecting the cannula to a flow meter 
attached to an air-oxygen blender. The second method 
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consists of simply connecting the cannula to a low-flow 
flow meter attached to a 100% oxygen source. 

Oxygen blenders set at specific oxygen concentrations 
can be used to regulate the Fio 2 to infants receiving oxygen 
with nasal cannulas. Using this method, adjust both the 
oxygen concentration and the flow rate of the gas to 
achieve the appropriate Fdo 2 . With a cannula connected to 
the flow meter on the blender, set the oxygen concentra¬ 
tion at 100% and the flow rate at the lowest possible flow. 
Many protocols begin the flow rate at 1 L/min. Adjust the 
flow rate, decreasing it in small increments until reaching 
the flow necessary to maintain adequate Spo 2 levels. Con- 
tinue weaning by decreasing the flow rate until reaching 
the minimal flow setting of the flow meter. Proceed with 
weaning by decreasing the oxygen concentration setting 
on the blender to maintain adequate Spo 2 levels, or until 
oxygen is no longer required. Although some centers lower 
the oxygen concentration first, a lower flow rate may maxi- 
mize the stability of delivered oxygen over time, as well as 
minimize the degree of change in Fio 2 during the weaning 
process. 13,34 Tables have been constructed to estimate 
hypopharyngeal oxygen concentrations at various settings, 
but reproducibility is affected by the range of infant sizes 
and variable breathing patterns. 34 ' 36 

Because hypopharyngeal oxygen concentrations tend to 
be more stable when using lower flows, the use of a low-flow 
flow meter helps to optimize continuous oxygen adminis¬ 
tration in the infant population. Depending on the flow 
meter, the flow rates range from 0.1 to 3.0 L/min, with some 
adjustable in increments of less than 0.125 L/min. 3 Using 
this method, connect the cannula to a low-flow flow meter 
receiving 100% oxygen. Set an appropriate flow rate, as de¬ 
termined by the Spo 2 , and wean the oxygen by decreasing the 
flow rate in small increments of 0.1 to 0.2 L/min. Continue 
weaning in small increments until the minimal desired Spo 2 
is reached or until oxygen is no longer required. 

Inspired Oxygen Determination. In the infant and 
child, Fio 2 provided with a nasal cannula is controlled pri- 
marily by varying the flow rate of the gas or the oxygen 
concentration of the blender. At low flow rates, Fio 2 also 
varies with the patient’s minute ventilation and the rela¬ 
tive duration of inspiration and expiration. 34 Fio 2 may 
decrease as a result of room-air entrainment that occurs 
during the patient’s inspiration. In the small or premature 
infant, inspiratory flow rates are quite small and result in 
less room-air entrainment during inspiration. On the 
other hånd, sedated infants may have decreased minute 
ventilation, resulting in an increase in the actual Fio 2 . 37 
The Fio 2 are higher in infants receiving oxygen via nasal 
cannula than in adults and can exceed potentially toxic 
levels. 38 Several studies have documented high Fio 2 when 
supplemental oxygen is supplied to neonates via nasal can¬ 
nula, ranging from 22% to 95% on various flows of 100% 

3S 39 

oxygen. > ’ 

Oxygen delivered by nasal cannula is measured in liters 
per minute (L/min) rather than Fio 2 . Translating a flow 


rate into an approximate Fio 2 is helpful in gauging the 
degree of respiratory compromise and comparing oxygen 
conditions in clinical studies. Tables and equations are 
available for this purpose and in faet were distributed in 
the multicenter Supplemental Therapeutic Oxygen for 
Prethreshold Retinopathy of Prematurity (STOP-ROP) 
study on the safety of oxygen use and the progression of 
ROP. 21,34 Although potentially it provides a more rational 
basis for oxygen prescription through a nasal cannula, the 
calculation and subsequent doeumentation of the effee- 
tive Fio 2 are rarely implemented in clinical practice. Perhaps 
this is because the calculations are too eumbersome to 
undertake during routine clinical care. 32 

Because the concentration of oxygen inhaled into the 
lungs varies according to respiratory rate, tidal volume, inspi¬ 
ratory flow, and other factors such as ratio of mouth to nose 
breathing, it is difficult to determine the Fio 2 with cer- 
tainty. 34,40,41 When compared with the adult patient, an infant 
can experience a substantial difference in Fio 2 when there is 
just a fraction of a change in the flow rate. An approximation 
of Fio 2 at low flows can be determined using the regression 
equation (Box 10-1). 33 This equation incorporates minute 
ventilation, but it does not account for changes in respiratory 
pattern and is more accurate for infants weighing less than 
1500 g. Use such an equation only as a comparative estimate, 
and do not rely on it as an accurate determination of 
breath-to-breath Fio 2 . During most routine clinical situa¬ 
tions, approximating the Fio 2 from cannula flow is unneces- 
sary. However, when weaning a patient from a cannula, the 
clinician can determine the measure of improvement by 
monitoring the incremental decreases in oxygen flow rate. 

Hazards and Complications. Depending on the type 
of nasal cannula, the flow rate, and the infant’s anatomy, 
an increase in exhaled resistance can result in substantial 
inadvertent positive expiratory airway pressure (PEP) 
being delivered to an infant’s airway. 3,42 This occurs when 
using either the blender or the low-flow flow meter to de¬ 
liver supplemental oxygen. Significant PEP tends to occur 
more often when the cannula has large-diameter prong 
tips and when flow rates are set above 2 L/min in smaller 
infants and toddlers. 39,42 ' 43 PEP that impedes venous re¬ 
turn may precipitate intraventricular hemorrhage in neo¬ 
nates and can be detrimental to an infant with obstructive 


Regression Equation for Estimating 
Nasal Cannula Fio 2 at Low Flow 
Rates 

Approximate Fio 2 = 

(0 2 flow X 0.79) [(0.21 X V E )/( V E X 100)] 

This equation is most predictive with an assumed tidal 
volume of 5.5 ml/kg for infants less than 1 500 g. 

Fio 2 , Fractional concentration of inspired oxygen; 0 2 flow. expressed 
as milliliters per minute; V E (minute ventilation) = tidal volume X 
respiratory rate. 


Box 10-1 
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pulmonary disease. 38 It also carries the potential risk 
of pneumothorax, pulmonary interstitial emphysema, and 
pneumopericardium. Although the amount and certainty 
of PEP may not be determined, keep in mind the possibil- 
ity of such complications when improvement in response 
to nasal oxygen is less than expected. 

Although the nasal cannula is relatively comfortable, 
lightweight, and easy to apply, the prongs are difficult to 
keep in the nares of active infants, often becoming dis- 
placed and resulting in loss of oxygen delivery. 46 Prongs 
that are too large can occlude the nares and increase the 
patient’s work of breathing. An improperly sized cannula 
can cause irritation. Excessive flows may result in drying of 
the nasal mucosa as well as mucosal irritation. It is recom- 
mended that maximal flow be limited to 2 L/min in infants 
and newborns. 5 There is a slight risk of airway obstruction 
caused by mucus, especially in the low-birth-weight infant. 
Therefore it is important to inspect and clean the nostrils 
daily. 47 Keep the nose clean and free of mucus by gently 
cleaning the nostril areas with a soft, moist cloth, being 
careful to avoid causing irritation and swelling of the nasal 
mucosa. Also, monitor the skin around the patient’s ears 
and face for irritation as well as proper fit and placement of 
the cannula and tubing. 

Disadvantages to using a nasal cannula to deliver oxy¬ 
gen include the instability of oxygen administration in 
transitions between oral and nasal breathing and the lack 
of precise knowledge concerning the delivered oxygen con- 
centration. Unknown Fio 2 values may contribute to incon- 
sistent weaning practices that could potentially result in 
unnecessary days of supplemental oxygen, delays in hospi¬ 
tal discharge, and high costs of care. 32 

Simple Oxygen Mask 

The simple oxygen mask is a lightweight plastic reservoir 
designed to fit over the patient’s nose and mouth and 
is secured by an elastic strap around the patient’s head 
(Figure 10-4). Open ports on both sides of the mask allow 
exhalation and also allow the patient to draw in room air 
during inspiration. Fio 2 varies with the patient’s inspira- 
tory flow and the oxygen flow into the mask. 48 Room air is 
entrained through the exhalation ports in the mask if the 
patient’s inspiratory flow rate exceeds the oxygen flow rate. 
Flow rates from 6 to 10 L/min provide a variable Fio 2 
of 0.35 to 0.5; however, there are no data concerning 
newborns and infants to predict the effective Fio 2 . 49 

Indications and Contraindications. Administration 
of oxygen with a simple mask is reserved for infants and 
children who need moderate concentrations of supple¬ 
mental oxygen for short periods. Such situations include 
medical transport, emergency stabilization and postanes- 
thesia recovery and during medical procedures. The oxy¬ 
gen concentrations may be higher in patients with small 
tidal volumes, and therefore simple masks are not suitable 
for infants and small children who require low or precise 
concentrations of oxygen. 5,6 



FIGURE 1 0-4 Infant with a simple oxygen mask. 


Application. The mask is secured around the patient’s 
head by a strap, and oxygen is delivered to the mask from 
a flow meter and bubble humidifier through small-bore 
tubing. The cone shape of the simple mask may act as a 
reservoir for accumulated exhaled carbon dioxide if a 
minimal flow of gas is not maintained. In older children 
and adults, 6 L/min is the recommended minimal flow 
rate to flush accumulated carbon dioxide. 

Hazards and Complications. Because this mask is 
strapped to the face, infants and small children often re- 
fuse to keep the mask on. In addition, the confinement of 
the mask interferes with speech, eating, and breast- or 
bottle-feeding and may increase the risk for aspiration of 
vomitus. The elastic strap is often uncomfortable and can 
cause skin irritation with prolonged use. 

Reservoir Masks 

A reservoir mask consists of a soft, lightweight mask with 
a plastic reservoir bag attached to its front (Figure 10-5). 
Oxygen source gas flows directly into the neck of the mask 
and is directed into the bag during exhalation. When the 
patient inhales, high concentrations of oxygen can be 
delivered from the bag through the mask. Currently, there 
are two types of reservoir masks: partial-rebreathing and 
nonrebreathing masks. 

If functioning properly, reservoir masks have the advan- 
tage of providing high concentrations of oxygen. However, 
the right fit necessary to achieve optimal performance 
makes the masks impractical for long-term therapy. As 
with the simple oxygen mask, the elastic straps may cause 
the reservoir masks to be uncomfortable, confining, and 



154 


SECTION III • Therapeutic Procedures for Treatment of Neonatal and Pediatric Disorders 



FIGURE 10-5 Pediatric patient with a partial-rebreathing mask, 
a type of reservoir mask. 

not well tolerated by infants and children. The use of res¬ 
ervoir masks is limited to short-term situations requiring 
high Fio 2 administration or specific gas mixture therapy. 
Reservoir masks are not recommended for use in the neo¬ 
natal population. 3 

Partial-Rebreathing Mask. The partial-rebreathing 
mask is similar to a simple oxygen mask but contains a 
reservoir bag at the base of the mask. It is designed to con- 
serve oxygen by receiving 100% oxygen along with a small 
portion of the patient’s exhaled volume (approximately 
equal to the volume of the patient’s anatomical dead 
space). The oxygen concentration of the exhaled gases 
combined with the supply of fresh oxygen permits the use 
of oxygen flows lower than those necessary for other 
devices, potentially conserving oxygen use. The remaining 
portion of the patient’s exhaled volume is vented through 
open exhalation ports located on the sides of the mask. 

Fit the mask securely to the patient’s face to minimize 
the amount of room air entrained during inspiration. 
Adjust the oxygen flow rate to a level sufficient to keep 
the bag partially inflated during inspiration; usually 6 to 
15 L/min is sufficient. If the reservoir bag becomes totally 
deflated when the patient inspires, increase the flow rate. 
When there is an adequate seal around the mask and an 
appropriate flow rate is maintained, an Fio 2 of up to 0.6 is 
delivered to the patient. 5,48 However, this Fio 2 , as in other 
variable performance devices, is also influenced by the 
patient’s ventilatory pattern. 

Nonrebreathing Mask. The nonrebreathing mask is 
similar in design to the partial-rebreathing mask but in 
addition has one-way valves that function to keep the 
patient from rebreathing any exhaled gas. 48 A one-way 
valve located between the face mask and the reservoir bag 
allows 100% source gas to enter the mask during inspira¬ 
tion, but unlike the partial-rebreathing mask, it prevents 
any of the patient’s exhaled gas from entering the bag. 
Instead of entering the reservoir bag, the exhaled gas is 
directed through one-way leaflet valves located over the 
exhalation ports on the sides of the mask. The leaflet 


valves also ensure minimal dilution from the entrainment 
of room air. 

The nonrebreathing mask is designed to provide a 
higher Fio 2 than the simple and partial-rebreathing 
masks and the nasal delivery devices. 30 If there is an 
adequate seal around the mask and the flow rate is 
sufficient to keep the bag partially inflated during inspi¬ 
ration, oxygen concentrations can conceivably reach 
greater than 90%. Because it is designed to provide 
almost 100% source gas, the nonrebreathing mask is the 
recommended device to deliver specific gas mixtures, as 
in helium-oxygen therapy, or specific concentrations 
from a blender. 6,49 

Fixed-Performance Oxygen Delivery 
Systems 

Air-Entrainment Mask 

Air-entrainment masks, or Venturi masks, are examples 
of high-flow systems that provide the patient’s entire 
inspiratory requirements while delivering predetermined, 
precise oxygen concentrations (Figure 10-6). This is ac- 
complished by providing a total flow of gas that exceeds 
the patient’s ventilatory demands, thus eliminating dilu¬ 
tion of the oxygen concentration with room air, as occurs 
in low-flow devices. 

The performance of the mask is based on principles 
described by Bernoulli. 50 As 100% oxygen under pressure 
flows through a small jet orifice entering the mask, the 
velocity increases, creating viscous shearing forces. As a 
result, room air is entrained through open ports located at 
the base of a reservoir tube attached to the front of the 



FIGURE 10-6 Pediatric patient with an air-entrainment mask. 
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mask. By varying either the diameter of the jet orifice or 
the size of the entrainment ports, the amount of room air 
entrained can be proportionally changed, resulting in 
higher total flows and specific concentrations delivered to 
the patient’s proximal airway. 

Indications and Contraindications. The air-entrainment 
mask is indicated for patients who require a controlled Fio 2 at 
either low or moderate levels. The commercially available 
masks are capable of providing oxygen concentrations 
ranging from 24% to 50%. In the hypoxic child with increased 
respiratory rates and tidal volumes, the air-entrainment 
mask is the preferred oxygen delivery system because it is 
capable of maintaining total flows in excess of the patient’s 
inspiratory flow rate. For pediatric patients with chronic 
carbon dioxide retention who have the potential to hy- 
poventilate with increased oxygen concentrations, the air- 
entrainment mask is ideal because it maintains a constant 
Fio 2 even at low concentrations. 

Application. An air-entrainment mask is designed to 
fit over the patient’s nose and mouth and contains a short 
corrugated hose with a jet orifice that is connected to oxy¬ 
gen supply tubing. Because the high total flows produced 
by this system can be quite drying, humidification is pro- 
vided with a bubble-diffusion humidifier. At the lower 
concentrations of 24% and 28%, oxygen flow through the 
small, restricted orifice creates excessive backpressure in 
the humidifier. For these levels of oxygen concentration, 
an alternative method may be used in which a bland aero¬ 
sol is applied through a 22-mm cuplike collar attached to 
the base of the corrugated hose at the air-entrainment 
ports. This collar is often placed on the hose even when no 
aerosol is applied, simply to act as a shield to prevent the 
accidental occlusion of the air-entrainment ports with bed 
linens. 

Hazards and Complications. Correct performance 
of the air-entrainment mask can be altered by resistance 
to the flow of gas that may occur distal to the restricted 
orifice. The resistance to flow at this particular point cre¬ 
ates backpressure, resulting in less air entrainment. As a 
result, higher oxygen concentrations and lower total flows 
are delivered to the patient. If total flow decreases signifi- 
cantly, room air may be inhaled around and through the 
mask ports. This same phenomenon will occur if the 
entrainment ports are partially or completely obstructed. 
Also, at the 50% oxygen setting, total gas flow delivered by 
the device is less than that at the lower concentrations. 
Because of this, there is the potential for the patient with 
an increased inspiratory flow requirement to receive an 
oxygen concentration less than 50%. 

Air-Entrainment Nebulizer 

The gas-powered, large-volume or all-purpose nebulizer is 
another fixed-performance system that provides particu- 
late water and contains an adjustable air-entrainment port 
that Controls oxygen concentrations.” 1 The addition of 
heat gives this type of system the advantage of providing 


100% body humidity when clinically indicated. The nebu¬ 
lizer provides oxygen at fixed concentrations by adjusting 
the size of the air-entrainment port located at the top 
of the nebulizer lid. The small size of the nebulizer jet 
restricts maximal flow to 15 L/min from any 50-psi gas 
source. 

Indications and Contraindications. Air-entrainment 
nebulizers are used when high levels of humidity or aero¬ 
sol are desired. Patient application devices used with the 
nebulizers include a tracheostomy collar, face tent, and 
aerosol mask (Figure 10-7). 5 

Application. Each patient application device is at¬ 
tached to the nebulizer unit with 4 to 6 ft of large-bore 
corrugated tubing that allows high gas flows and maximal 
aerosol delivery to the patient. Both the aerosol mask and 
the face tent apparatus are indicated primarily for short- 
term administration of oxygen with high humidity, as in 
postextubation or postanesthesia hypoxemia.” 

When used to deliver oxygen to the older patient with 
an artificial airway, the aerosol is heated and the tempera¬ 
ture of the gas-aerosol mixture is monitored. A tracheos¬ 
tomy collar is recommended for use with a tracheostomy; 
however, if a precise Fio 2 is required, a T-piece device may 
ensure delivery of a more exact Fio 2 because of its close fit 
on the tracheostomy tube. Provided that the gas flow from 
the nebulizer exceeds the patient’s inspiratory flow rate, 
room-air entrainment is limited and the delivered Fio 2 
is stable. 

An air-entrainment nebulizer used with a collar or 
T-piece is not appropriate for oxygen delivery to infants 
and young children with a tracheostomy. Instead, a 
heated humidifier is recommended along with an oxygen 
blender used to regulate the Fio 2 . Using small-bore oxy¬ 
gen supply tubing attached to the flow meter on the 
blender, the oxygen is directed through the humidifier 
where large-bore corrugated tubing is connected to the 
tracheostomy collar. 

Hazards and Complications. As with all masks used to 
deliver oxygen therapy to the infant or pediatric patient, the 
aerosol mask and face tent frequently provoke unnecessary 



FIGURE 10-7 Various aerosol attachments. Left to right : Face 
tent, T-piece attached to an endotracheal tube, pediatric aerosol 
mask, infant aerosol mask, and tracheostomy mask (collar). 
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agitation and anxiety, especially in the treatment of postan- 
esthesia hypoxemia. Infants and young children often find 
it difficult to keep the masks in place. Nebulizers are suscep- 
tible to bacterial contamination and require replacement 
according to hospital policy. Condensate in the aerosol 
tubing is considered infectious waste and should never 
be drained back into the nebulizerf The condensate can 
completely obstruct gas flow or cause increased resistance 
to flow, which may increase the Fio 2 above the desired 
setting. 

The weight of the T-piece and tubing assembly often 
creates torque on the endotracheal or tracheostomy tube, 
causing tracheal irritation and possible displacement. The 
tracheostomy collar may cause skin irritation around the 
patient’s neck and condensate in the aerosol tubing may 
result in inadvertent tracheal lavage. 3 

A cool mist is not recommended for newborns because 
of the potential to induce cold stress."" If the gas flow from 
the oxygen source is cool and is directed toward the in- 
fant’s face, stimulation of the trigeminal nerves may cause 
alterations in the respiratory pattern and lead to apnea. 54 

High-Flow Nasal Cannula 

In the past the nasal cannula has always been classified as 
a low-flow, variable-performance oxygen delivery system, 
with recommendations that no more than 6 L/min gas 
flows be used with adults and that the maximal flow to 
newborn infants not exceed 2 L/min.'’’ 6,30 Flow limitations 
largely have been due to the airway cooling and drying that 
occur at higher flows. Using a bubble humidifier to hu- 
midify oxygen with a nasal cannula does not provide ade- 
quate humidification to premature infants and has been 
associated with decreased airway patency, nasal mucosal 
injury, and coagulase-negative staphylococcal sepsis in ex- 
tremely low birth weight infants.""° Although face masks 
can safely deliver oxygen at higher flows, these devices 
are confining and often poorly tolerated by infants and 
children. 

Using a nasal cannula at high flows is still a relatively 
new means to deliver oxygen to infants and children. It 
has been used only a few years more in the adult popula¬ 
tion. Flowever, studies with neonates through adults 
have been favorable, with data showing the heated, hu- 
midified high-flow nasal cannula (FIHFNC) providing 
moderate-to-high Fio 2 values and possibly providing a 
cost-efficient alternative for patients who require this 
level of oxygen concentration. 58-60 One study indicated 
that when the oxygen is delivered through a FIFIFNC, 
adult patients with advanced obstructive airway disease 
experience an increase in oxygenation. The warm hu¬ 
midification may have likely contributed to the improve- 
ment of airway function by maximizing mucociliary 
clearance and preventing inflammatory reactions. Also, 
nasal breathing of warm, humidified gas tends to 
inhibit the bronchoconstrictor reflex, which in turn 


prevents the increase in airway resistance that is often 
triggered by cold air. 61 

Washout o f Nasopharyngeal Dead 
Space 

Dead space has a significant and critical impact on the 
composition of inspiratory gas that reaches the lower, re¬ 
spiratory regions of the pulmonary system. When a breath 
begins, the first bolus of gas to be drawn into the lungs is 
the end-expiratory gas that was intended for exhalation. 
This phenomenon is the result of the anatomical dead 
space that must serve as a bidirectional conduit between 
nasal openings and the lung. Under normal conditions, 
this rebreathing of C0 2 -rich and oxygen-depleted end- 
expiratory gas allows us to maintain an arterial co 2 tension 
in the ideal range for our innate biood buffering system, 
as well as protect the lower respiratory tract form the 
supraphysiological partial pressure of oxygen found in 
atmospheric air. Flowever, for a patient having trouble 
removing co 2 or oxygenating the biood, elimination of 
anatomical dead space will improve breathing efficiency 
and therefore improve the composition of inspiratory gas 
within the lung. 

Using HFIFNC, gas flow rates that exceed inspiratory 
flow rates purge the nasopharyngeal cavity during the late 
expiratory phase and end-expiratory pause of respiration. 
This purging of anatomical dead space removes expiratory 
gas that is high in carbon dioxide concentrations and rela¬ 
tively depleted of oxygen. This creates an anatomical reser¬ 
voir of the intended inspiratory gas mixture. Under these 
conditions, the subsequent breath is composed of less 
rebreathed expiratory gas and more delivered cannula gas. 
The new alveolar gas equilibrium supports alveolar venti¬ 
lation (VA) with less minute ventilation (VE), and in this 
regard improves the efficiency of breathing. 

Data from clinical studies on FIHFNC confirm the re- 
duction of dead space because of the immediate impact on 
ventilation rates. 62-65 

In the neonatal community, a number of clinical trials 
support the conclusion that dead-space washout provides a 
ventilation effect. Holleman-Duray and colleagues showed 
infants were able to be extubated to HHFNC from signifi- 
cantly greater ventilator rates (33 ± 8 vs. 28 ± 8 breaths per 
minute; p < 0.05) compared with other noninvasive support 
modes. 66 Additionally, a case report of a pediatric burn 
patient showed respiratory rate decreased immediately after 
initiation of HHFNC (63-38 breaths per minute), with a 
secondary sustained decrease in heart rate (175-144 beats 
per minute) after a short period of HHFNC. 

Indications and Contraindications. Oxygen deliv¬ 
ery with a high-flow nasal cannula is most often indi¬ 
cated for use in patients with hypoxemia who have not 
responded to oxygen administered with a low-flow nasal 
cannula. It may also be indicated for use in infants 
and children with lung disorders who require improved 
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oxygenation or a reduction in work of breathing. The 
high-flow nasal cannula has also been recommended for 
infants in the management of apnea of prematurity. 43 As 
a less intrusive method to deliver high flows of oxygen, its 
use may reduce the potential risk of the iatrogenic inju¬ 
ries associated with nasal CPAP and mechanical ventila¬ 
tion. 67 Contraindications for use of the high-flow nasal 
cannula may include suspected or confirmed pneumo- 
thorax, severe upper airway obstruction, and absence of 
spontaneous ventilation. 

Application. To provide optimal humidification, the 
high-flow nasal cannula must be used with a hydration 
system. The Vapotherm 2000i (Vapotherm, Stevensville, 
MD) system is credited with starting the high-flow therapy 
via nasal cannula. In 2004 it was approved by the U.S. Food 
and Drug Administration to humidify and deliver high- 
flow air or oxygen by nasal cannula and other patient inter- 
faces. It is not approved, nor is it recommended for use, as 
a CPAP delivery system. 42 ' 45 The Precision Flow (newest 
version of the Vapotherm system), through a novel hu¬ 
midification system, can provide oxygen flow at a relative 
humidity of 99.9% with a temperature setting of 37° C. 68 
Oxygen is supplied to the unit from an air-oxygen blender. 
The flow rate of the gas is controlled by the flow meter on 
the blender. The oxygen travels through a vapor exchange 
cartridge, where it is separated from the water by a micro- 
porous membrane material with a pore size less than 
0.01 |xm. 69 The membrane allows water vapor to pass into 
the flow of gas, but the small pore size of the membrane 
prevents direct contact between the water source and the 
oxygen, effectively serving as a filter. 68 After it is warmed 
and humidified, the oxygen flows through a water-heated 
delivery tube that is connected to the nasal cannula. 
This tubing maintains the temperature of the gas and 
minimizes condensation in the cannula. 

The Vapotherm system has cannulas available in six 
sizes: 

Premature 

Neonatal 

Infant 

Intermediate infant 

Pediatric 
• Adult 

It also has two vapor transfer cartridges: a low-flow 
cartridge that is used to deliver flows of 1 to 8 L/min and 
a high-flow cartridge that is used to deliver flows of 5 to 
40 L/min. The temperature range is selectable from 33 to 
43° C.* 


*Note: Fisher & Paykel Healthcare (New Zealand) and Teleflex Incorpo- 
rated (Research Triangle, NC) have heated, humidified high-flow nasal 
cannula systems with similar nasal cannula sizes, called Optiflow and 
Comfort Flo, respectively. Careful consideration needs to be taken 
because each device has unique features. Piease refer to manuals of 
operations for specifics. 


Select the cannula that is most appropriate for the size 
of the patient, making sure that the prongs do not occlude 
the patient’s nares. Attach the high-flow nasal cannula to 
the patient in the same manner as one would a low-flow 
nasal cannula. Adjust the oxygen concentration with the 
blender and set the flow rate on the flow meter. Increase or 
decrease the flow in small increments. Assess the patient’s 
breathing pattern, breath sounds, and vital signs. Also 
monitor the Spo 2 and chest radiographs to determine 
appropriate flow rates. The high-flow nasal cannula and 
the delivery tubing are single-patient disposables and are 
discarded after each patient’s use. 

Hazards and Complications. To a greater extent than 
with the low-flow nasal cannula, there is considerable con- 
cern as to the lack of knowledge of the exact amount 
of positive pressure generated. Although most studies 
present low levels of positive pressure in flow range com- 
monly used, the development of gastric distention or lung 
overexpansion is a possibility if not carefully monitored. 64 
A second concern is the level of Fdo 2 that can be adminis- 
tered. An Fdo 2 of more than 0.6 can be easily administered 
at higher flows. When needed, this ability is a blessing; 
however, it may disguise a progressive disease when mis- 
takenly considered a low-flow, low-Fdo 2 delivery device. 

More data supporting the clinical efficacy of HHFNC are 
produced each year. Research continues to focus on when 
HHFNC transitions from simple heated and humidified 
oxygen therapy to respiratory support by dead-space reduc¬ 
tion and the application of low-level positive pressure. 


Table 10-1 represents estimated inspiratory flow rates 
of a wide patient population range. The assumptions in 
Table 10-1 are based on the notion that patients who are 
receiving HHFNC are in respiratory distress. Calculations 
are based on the highest known normal respiratory rate for 
each category, inspiratory time of 33%, and tidal volumes 
between 4-8 mL/Kg. 

Oxygen Hood 

The oxygen hood is a transparent enclosure constructed 
of clear plastic material in a cylinder or boxlike design 


CLINICAL HIGHLIGHT 


It is theorized that to improve ventilation efficiency with 
HHFNC the flow must be set to minimally exceed the expira- 
tory flow rate of the patient. To provide additional low-level 
positive pressure with HHFNC, the flow must be set to 
exceed the inspiratory flow rate of the patient. 

Exceeding expiratory flow rate (typically less than inspiratory 
flow rate) reduces dead space, increases oxygen delivery, and 
provides humidity. Exceeding inspiratory flow rates accom- 
plishes deadspace washout and possibly provides some positive 
pressure expiratory pressure. 
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TABLE 10-1 


Estimated Inspiratory Flow Rates of a Wide Patient 
Population Range 

Weight Low Medium High 


(Kg) 

Age 

L/Kg/Min 

L/ Kg/Min 

L/Kg/Mi 

<2.9 

Neonate 

(Premature) 

0.7 

1.0 

1.3 

3.0-4.9 

Neonate 

0.6 

0.9 

1.2 

5.0-9.9 

<1 years 

0.5 

0.8 

1.1 

10-26.9 

1 -7 years 

0.4 

0.6 

0.8 

27-60.9 

8-14 years 

0.3 

0.5 

0.6 

>61 

> 14 years 

0.2 

0.3 

0.4 


(Figure 10-8). Oxygen is administered through large-bore 
corrugated tubing attached to the back of the hood. The 
hood surrounds the infant’s head, leaving the body acces- 
sible for nursing care. This design also allows the infant 
to be placed in a neutral thermal environment, such as 
an incubator, and still receive controlled oxygen concen- 
trations. Variations in hood design allow access to the in¬ 
fant’s head by removing the top lid or by opening large 
ports on the sides or top of the hood. 

Indications and Contraindications. Hoods are indi- 
cated most often for neonates, infants, and small children 
who require supplemental oxygen with heated humidity. 
Floods are used to provide a controlled Fio 2 and in- 
creased heated humidity to patients who are unable 
to tolerate other oxygen or humidification devices. An 
oxygen hood can also be used to perform an oxygen 
challenge (hyperoxia) test in a spontaneously breathing 


neonate. Oxygen concentration in a hood can be varied 
from 21% to 100% and is more stable than that provided 
by a tentd 

Application. Oxygen is delivered to the hood with 
heated humidification by means of an oxygen blender, dual 
air and oxygen flow meters, or a heated air-entrainment 
nebulizer. When using the heated air-entrainment nebu- 
lizer, power the nebulizer with compressed air, setting 
the oxygen concentration dial at 100% and bleeding oxy¬ 
gen into the nebulizer. In this way, oxygen concentra- 
tions are more easily regulated and noise levels are 
reduced. 70 

The oxygen blender system premixes oxygen concentra- 
tions and passes the blended gas through a heated humidi- 
fier before entering the hood. This allows more precise 
control over both oxygen concentration and temperature 
and virtually eliminates noise inside the hood. With dual 
air and oxygen flow meters, both air and oxygen are titrated 
through the heated humidifier and tubing into the hood 
and analyzed until accurate prescribed oxygen concentra- 
tions are obtained. Regardless of which system is used, oxy¬ 
gen is analyzed on a continuous basis to ensure accurate 
concentrations. 

When high oxygen concentrations are used, a layering 
effect occurs inside the hood, with the highest oxygen 
concentrations settling toward the bottom. For this rea- 
son, place the oxygen analyzer sensor as close to the 
infant’s head as possible. It is also important that an 
adequate flow of gas be delivered to wash out any carbon 
dioxide that may accumulate inside the hood. In general, 
flow rates should be greater than 7 L/min.’ Flows of 



FIGURE 10-8 Infant oxygen hood with gas delivered through an oxygen blender system with heated 
humidification. The oxygen analyzer sensor is placed inside the hood close to the infant’s head. 
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10 to 15 L/min are adequate for most infants and 
children. 

It is important that adequate heat and humidity be 
maintained inside the hood. Administration of cool, dry 
gas induces cold stress in infants, resulting in increased 
oxygen consumption. Likewise, delivery of overheated 
gases induces apnead 4 Temperature is maintained at or 
near body temperature with a thermometer placed inside 
the hood for continuous monitoring. 

Oxygen hoods come in a variety of sizes to fit the very 
small neonate and very large infant. For patients too large 
for neonatal-size hoods, there are transparent enclosures 
in larger sizes called tent houses or huts (Figures 10-9 and 
10-10). For optimal temperature, flow, and oxygen control, 
choosing the proper-sized hood is imperative. 

Hazards and Complications. Limited mobility may 
be an issue with the oxygen hood if the infant requires 



FIGURE 10-9 Tent house for oxygen administration to larger 
infants. 



FIGURE 10-10 Older pediatric patient requiring low oxygen 
concentration after surgical repair ofearlobes. Because use ofa 
face mask or cannula would require straps or tubing placed 
around the patient’s ears, a hood is used. 


oxygen for a prolonged period. Opening the hood de- 
creases the oxygen concentration and can result in 
hypoxia. If the hood is opened for an extended period, 
such as during feeding and nursing procedures, it is ap- 
propriate to provide nasal oxygen with a cannula while 
the patient is eating or until the procedure is completed. 
Just as a loss of gas flow to the hood can result in 
hypoxia, hypercapnia, and even death, excessive oxygen 
concentrations can lead to irreversible complications. 
For these reasons, use an oxygen analyzer to continu- 
ously monitor the oxygen concentration in the hood, 
maintaining high and low alarms on the analyzer at all 
times. Although the oxygen hood is usually well toler- 
ated, irritation to the infant’s skin, especially around the 
neck, may occur because of pressure from an improperly 
sized hood or active movement of the patient. Cutane- 
ous fungal infections have been associated with pro¬ 
longed exposure to humidified oxygen in hoods. 71 High 
gas flow into the hood may produce noise levels that 
induce hearing impairment. 70 


CASE STUDY 


■ i 


You are presented with providing oxygen therapy for a mildly 
hypoxic 12-year-old child with an Sp 02 of 86% to 88%. The 
child has been recently diagnosed with moderate persistent 
asthma. She is admitted for a moderate exacerbation. The 
patient is in moderate distress, tachypneic, with good air 
entry and prolonged expiratory wheezes. The last biood gas 
obtained from a referral hospital is only remarkable for a 
mild respiratory alkalosis. The physician asks you to initiate 
oxygen therapy with the device of your choice and to main- 
tain the Pao 2 above 60 torr. Which of the following answers 
best describes the device you would choose and what nonin- 
vasive oxygen saturation range would you target? 

A. A nasal cannula and an Spo 2 of 92% to 95% 

B. A nasal cannula and an Spo 2 of 89% to 92% 

C. A venti-mask set at 28% to achieve an Spo 2 of 92% 
to 95% 

D. Do nothing because the patient’s Pao 2 is already 
above 60 


See Evolve Resources for answers. 


KEY POINTS 

• Oxygen is a drug and should be treated as one. With- 
holding oxygen can have detrimental effects, however 
continuing to provide oxygen therapy when it is no 
longer indicated can prolong hospitalization and 
increase the cost of care. 

• Oxygen therapy is only one aspect of the oxygen delivery 
equation. One must ensure that oxygen content and 
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6. A premature infant is receiving oxygen by nasal cannula 
at 1.5 L/min. The following capillary biood gas and 
pulse oximetry values are obtained: 


pH 

7.37 

Ptcco 2 

41 mm Hg 

Pco 2 

43 mm Hg 

Hco 3 

23 mEq/L 

BE 

— 1 mEq/L 

Spo 2 

98% 


BE, Base excess in biood; HCO 3 —, bicarbonate; Ptccc> 2 , partial 
pressure of carbon dioxide, determined transcutaneously; 

Pcc> 2 , partial pressure of oxygen, determined transcutaneously; 
Spo 2 , percentage of oxygen saturation. 

Which of the following should be recommended? 

A. Replace the nasal cannula with an oxygen hood 

B. Decrease the nasal cannula flow to 1 L/min 

C. Increase the nasal cannula flow to 2 L/min 

D. Discontinue the nasal cannula 

7. What plausible ways does HHFNC improve oxygenation? 

A. Nasal pharyngeal C0 2 washout at flows that exceed 
expiratory gas flow 

B. Filling the nasal cavity with oxygen-enriched gas 

C. Positive pressure 

D. All of the above 

8. What is a concern(s) when using a HHFNC? 

A. A lack of understanding of the actual fraction of 
oxygen delivered 

B. An increased risk of developing chronic lung disease 

C. A lack of knowledge concerning the actual amount 
of positive pressure applied to the patient’s airways 

D. A and C 


cardiac output are considered when assessing the effec- 
tiveness of oxygen therapy. 

• Oxygen therapy device selection is vitally important. 
Care must be taken in the application process of such a 
wide patient population. Smaller pediatric patients are 
not small adults therefore assumed Fio 2 calculation 
cannot be assumed. 

• Oxygen therapy has several physiologic effects that are 
similar to adults. However, there are several differences 
that if not carefully monitored can lead to blindness, 
poor perfusion (CHD patients), and/or brain injury. 

• Abnormal breathing patterns such as apnea of prema- 
turity, abnormal neurogenic breathing, or obstructive 
sleep apnea can make oxygen therapy more difficult to 
manage. Inappropriately providing oxygen therapy in 
the face of one ofthese abnormal breathing patterns 
will lead to larger swings in oxygen delivery. In some 
cases it may mask apnea. 


( ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. Bedside evaluation of the degree of hypoxemia may 
best be accomplished by which of the following? 

A. Auscultation 

B. Pulse oximetry 

C. Capillary biood gas analysis 

D. Capillary refill time 

2. A 5-year-old patient with a history of asthma is admitted 
to the emergency department after complaining of chest 
tightness and wheezing. The pulse oximeter reading 
drops from 95% to 88%. Which of the following devices 
should be selected to deliver oxygen to this patient? 

A. Nasal cannula 

B. Oxygen hood 

C. Oxygen mist tent 

D. Nonrebreathing mask 

3. What is the minimal flow rate that should be used to 
deliver oxygen through a hood to an infant? 

A. 5 L/min 

B. 6 L/min 

C. 10 L/min 

D. 1 5 L/min 

4. The physician orders 32% oxygen for a 12-year-old patient 
with cystic fibrosis. Which of the following oxygen delivery 
devices would best ensure this oxygen concentration? 

A. Low-flow nasal cannula 

B. Simple mask 

C. Nonrebreathing mask 

D. Air-entrainment mask 

5. A 9-year-old patient is admitted to the hospital after 
smoke inhalation. While receiving oxygen with a nonre¬ 
breathing mask, it is noted that the reservoir bag 
becomes totally deflated when the patient inspires. 
Which of the following actions should be taken? 

A. Increase the oxygen flow rate 

B. Decrease the oxygen flow rate 

C. Change to a nasal cannula 

D. Change to a partial rebreathing mask 
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Decades of research have established the scientific principles 
underlying the use of therapeutic aerosols. In general, the 
advantages of aerosol therapy include a smaller but targeted 
dose, lower cost, fewer side effects, efficacy comparable to or 
better than that observed with systemic administration of 
the drug, and usually a more rapid onset of action. 1 When 
inhaled drugs are delivered directly to the conducting air- 
ways, their systemic absorption is limited and systemic side 
effects are minimized, providing a high therapeutic index. 2 
On the other hånd, peptides and other macromolecules can 
be targeted to the terminal airways and alveoli for systemic 
administration across the pulmonary vascular bed. This is 
an exciting and evolving use for therapeutic aerosols. 

The uses for aerosol devices vary widely, ranging from 
bronchodilation to insulin administration, and the range 
of uses for aerosol devices continues to increase. Nebuliz- 
ers, pressurized metered-dose inhalers (pMDIs), and dry 
powder inhalers (DPIs) are often used as aerosol genera¬ 
tors because they produce respirable particles with a mass 
median aerodynamic diameter (MMAD) of 0.5 to 5.0 pm. 3 
Other types of nonpressurized metered-dose inhalers, such 
as nasal sprays, produce particles in the 10- to 100-pm 
range, too large for pulmonary delivery. Although pMDIs 
and DPIs are used chiefly to deliver bronchodilators and 
steroids, nebulizers can be used to administer antibiotics, 
mucoactive agents, and other drugs. 4 Given the appropri- 
ate formulation, even complex molecules can potentially 
be delivered by aerosol. The operating characteristics and 
limitations of aerosol-generating devices, how they are 
matched to the needs of specific patients, and how they are 
used largely determine the efficacy of aerosol therapy. This 
chapter reviews the key principles of how aerosols are 
generated, deposited, and administered in the neonatal 
and pediatric patient. 

NEONATAL AND PEDIATRIC 
MEDICATION DELIVERY 

Compared with adults, infants and children have smaller 
airway diameters, have higher and more irregular breath- 
ing rates, engage in nose breathing (which filters out large 
particles), and often have difficulty with mouthpiece ad¬ 
ministration. Cooperation and ability to perform aerosol 
inhalation techniques effectively vary with the child’s age 
and developmental ability. 

The size of the airways changes dramatically in the first 
years of life. Breathing patterns, flows, and volumes all 
change with growth and development. The resting respira- 
tory rate decreases with age as tidal volume and minute 
ventilation increase. Tidal volume is approximately 7 ml/kg 
in the newborn, with a 300% increase in tidal volume in the 
first year. Inspiratory flow also increases with vital capacity. 
The low tidal volume, vital capacity, functional residual 
capacity, and short respiratory cycles of infants result in a 
low residence time for small particles, resulting in a further 
decrease in pulmonary deposition (Box 11-1). 3 


Factors That Reduce Rate and Depth 
of Aerosol Particle Deposition in 
Neonatal and Pediatric Patients 

• Large tongue in proportion to oral airway 

• Nose breathing 

• Narrow airway diameter 

• Fewer and larger alveoli 

• Fewer generations of airway 

• More rapid respiratory rate 

• Small tidal volume 

• Inabilityto hold breath and coordinate inspiration 

• High inspiratory flow rate during respiratory distress 
and crying 


Direct information regarding inhaled particle mass, 
lung deposition, and regional distribution of aerosols is 
limited concerning neonates, infants, and young children. 
Nevertheless, the data suggest that aerosol delivery is 
substantially less efficient for this population. Pulmonary 
deposition of aerosol to neonates may be less than 1% 
of the nominal dose being nebulized, compared with 8% 
to 22% in an adult. 3 

This reduced efficiency may result in infants receiving 
weight-appropriate dosing compared with adults. For ex- 
ample, the deposition efficiency of 0.5% of a standard dose 
of albuterol sulfate (2500 pg) would result in a lung dose 
of 12.5 pg, or 6.25 pg/kg for a 2-kg infant, whereas a 70-kg 
adult with 10% deposition has a lung dose of 250 pg, 
equivalent to 3.6 pg/kg. In this example, the infant actu- 
ally receives a similar but slightly greater dose per unit 
weight. To some extent, the reduced deposition of aerosol- 
ized bronchodilators results in safety and efficacy profiles 
for infants and children similar to those reported for 
adults. Extrapolation of data from Wildhaber and col- 
leagues 6 (Figure 11-1) demonstrates that whereas deposi¬ 
tion from a pMDI with nonelectrostatic valved holding 
chamber varies with child age, the amount of drug per 
kilogram of body weight is consistent across ages. This 
suggests that the same dose that is effective for an adult 
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FIGURE 11-1 Although the percentage of drug deposited in 
the lung varies with age (blue columns), the percentage of lung 
deposition corrected for body weight (orange columns) is consistent 
across age groups. 
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FIGURE 11-2 Assessing nebulizer performance. F, Frequency; /.£, ratio of inspiratory to expiratory 
time; IFR, inspiratory flow rate; Vt, tidal volume. 

will probably be safe in infants. In contrast, rationales to 
reduce drug doses for infants and small children have not 
been well substantiated in the literature. 

Figure 11-2 illustrates the impact of changes in breath- 
ing patterns in the transition from infant to child to adult, 
with a lung simulator inhaling aerosolized drug from a 
continuous breath-enhanced nebulizer (PARI LC Star; 

PARI, Starnberg, Germany) producing a relatively consis- 
tent output. The drug inhaled at the “mouth” of this in 
vitro model varies with the different simulated breath 
patterns, so that the infant and small child are apt to 
inhale less of the aerosol emitted from the nebulizer than 
the larger adult. Tidal volume, inspiratory-to-expiratory 
(I:E) ratio, and inspiratory flow rates are key to the ability 
to efficiently inhale output from a nebulizer. In infants less 
than 6 months of age, reduced inspiratory flow rates and 
broad I:E ratios result in less aerosol inhaled than by a 
larger child or adult. 

These factors may decrease the rate and depth of aero¬ 
sol deposition to the respiratory tract to as little as 0.1% 
to 1% of the medication dose placed in a nebulizer, or 
the dose emitted from a pMDI, regardless of whether the 
infant is breathing spontaneously or is intubated. 8 


Limited studies are available that directly quantify deposi¬ 
tion of aerosols in nonintubated infants and children. 

Wildhaber and colleagues 9 studied children, 2 to 9 years 
of age, with stable asthma inhaling radiolabeled albuterol 


AEROSOL ADMINISTRATION 
IN NONINTUBATED INFANTS 
AND CHILDREN 


(salbutamol) from a nebulizer and a pMDI through a non- 
static holding chamber. Mean (absolute dose) total lung 
deposition expressed as a percentage of the nebulized dose 
was 5.4% (108 pg) in younger children (<4 years) and 
11.1% (222 pg) in older children (>4 years). Mean (abso¬ 
lute dose) total lung deposition expressed as a percentage 
of the metered dose was 5.4% (21.6 pg) in younger children 
and 9.6% (38.4 pg) in older children. The authors reported 
equivalent percentages of total lung deposition of radiola¬ 
beled salbutamol aerosolized by either a nebulizer or a 
pMDI/holding chamber within each age group. However, 
the delivery rate per minute and the total dose of salbuta¬ 
mol deposited were significantly higher for the nebulizer. 

Erzinger 10 studied 8 asymptomatic children between 
18 months and 3 years of age with history of recurrent 
wheeze for the administration of radiolabeled salbutamol 
with either a vent-assisted nebulizer or a pMDI attached 
to a holding chamber. After the measurement of aerosol 
deposition with a gamma camera, they reported that lung 
deposition with a face mask leak was 0.2% and 0.3% with 
pMDI and nebulizer, respectively. Screaming children 
without a face mask leak had 0.6% lung deposition with 
pMDI and 1.4% with nebulizer. Lung deposition in chil¬ 
dren who were quietly breathing and without a face mask 
leak ranged from 4.8% to 8.2%. 

DEPOSITION IN INTUBATED 
AND NONINTUBATED INFANTS 

Fok and colleagues 8 measured radioaerosol deposition of 
Salbutamol by jet nebulizer and pMDIs with Valved Holding 
Chamber in ventilated and nonventilated infants (1-4 kg) 
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A MDI Jet nebulizer B MDI Jet nebulizer 

FIGURE 11-3 A dose of 200 pg of albuterol was administered by jet nebulizer or metered-dose inhaler 
(MDI) with chamber to infants with bronchopulmonary dysplasia, between 1 and 4 kg in size, and either 
ventilated or nonventilated. Mean (SEM) values for lung deposition are shown in (A) nonventilated 
infants (n = 13) and (B) ventilated infants (n = 1 0). Values are given as the percentage of the amount 
delivered to the infants and, for nebulizers, also as the percentage of the initial nebulizer dose. The ab- 
solute amount ((JLg) of salbutamol deposited in the lungs (blue columns) is given for reference. 


with bronchopulmonary dysplasia, finding less than 1% of 
dose delivered to the lung in all cases (Figure 11-3). Delivery 
of aerosol was low for all delivery systems, and similar 
whether or not subjects were intubated, with considerable 
variability across patients. Lung deposition in the ventilated 
infants was similar to those obtained from previous in vitro, 
in vivo animal, and indirect human studies. 

AEROSOL CHARACTERISTICS 
Deposition of Particles 

An aerosol is a group of particles that remain suspended 
in air for a relatively long time because of low terminal 
settling velocity. The terminal settling velocity of a particle 
is the velocity at which the particle will fail, because of 
gravity, through the air; it is related to the size and density 
of the particle. 9 Aerosols are also described by their geo- 
metric standard deviation (GSD), a measure of the particle 
size distribution. A monodisperse aerosol has a GSD less 
than 1.22, and a heterodisperse aerosol has a GSD greater 
than 1.22. Monodisperse aerosols are used for diagnostic 
and research purposes. Most therapeutic aerosols are het¬ 
erodisperse, which means they contain a wider range of 
particle sizes. The greater the MMAD, the larger the 
median particle size, the greater the GSD, and the more 
heterodisperse is the aerosol. The particle size and size 
distribution of an aerosol are the major factors determin- 
ing deposition efficiency and distribution in the lung. 11 

Gravitational sedimentation occurs when the aerosol 
particles lose inertia and settie onto the airway as a result 
of gravitational forces. The greater the mass of the particle, 


the faster it setties, affecting particles with diameters of 
0.5 pm or less. Breath holding for 4 to 10 seconds in- 
creases the residence time for particles in the lung, extend- 
ing the time allowed for deposition through gravitational 
sedimentation, especially in the last six generations of the 
airway. 12 A breath hold can increase deposition of an aero¬ 
sol by up to 10% and is associated with a shift of deposi¬ 
tion from the central to peripheral airways. This marginal 
increase in deposition may explain why breath holding has 
not been demonstrated to significantly improve the clini- 
cal response to aerosolized medications. Breath holding 
after inhalation does not appear to influence the response 
to administration of a bronchodilator given by DPI to 
children with asthma. 13 

Inertial impaction is the primary mechanism for depo¬ 
sition of particles with diameters of 5 pm or greater and an 
important mechanism for particles as small as 2 pm in 
diameter. A particle traveling in a stream of gas that is 
diverted by a turn in the airway tends to continue on its 
initial path, impacting with and depositing on the surface 
of the airway. This tendency increases with the velocity and 
mass of the particle. The higher the inspiratory flow of gas, 
such as during crying, the greater the velocity and inertia 
of the particles, which increases the tendency for even 
smaller particles to impact and deposit in large airways. 
Common factors that increase the rate of inertial impac¬ 
tion of particles larger than 2 pm include turbulent flow, 
bifurcations, complex passageways, narrow or obstructed 
airways, and inspiratory flows greater than 30 L/min. 

Diffusion, also known as brownian movement, is the 
primary mechanism for deposition of particles less than 
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3 |JLm in diameter in the airway. As gas reaches the more 
distal regions of the lung, gas flow ceases. Aerosol particles 
bounce against air molecules and each other and deposit 
on contact with the airway surfaces. Particle deposition in 
the particle size range of 0.5 to 3.0 |xm is reported to be 
divided between the central and peripheral airways. 11 

Aerosol droplets in the respirable range (MMAD, 1.0 
to 5.0 (tm) have a better chance to deposit in the lower 
respiratory tract than larger or smaller particles. 11 ’ 12 For 
particles greater than 1.0 fim, the depth of penetration 
into the lung is inversely proportional to the size of the 
particles, whereas particles less than 1.0 p,m are so small, 
light, and stable that a significant proportion entering the 
lung do not deposit and are exhaled. However, nanoparti- 
cles less than 0.1 |xm have greater lung deposition than 
common medical aerosols; very large particles may be fil¬ 
tered out by impacting on surfaces en route and “rain out” 
before reaching the airway. 

Translocation of Aerosols 

To be effective as a therapeutic agent, an aerosol medica¬ 
tion first must efficiently deposit in the airway and then 
must translocate across the mucous barrier, retaining 
bioactivity in this process. The optimal site of action de- 
pends on the agent administered. Bronchodilators and 
steroids need to reach the epithelium to be effective. Aero- 
solized antibiotics and mucolytics are most effective when 
dispersed in infected airway secretions at sites of maximal 
airway obstruction. Gene transfer therapy must not only 
access the epithelium through the mucous barrier but 
must then gain access to the submucous giands or basal 
progenitor cells of the epithelium. 

Particle size, charge, and solubility, and the biophysical 
properties of secretions, all affect the ability of an aerosol to 
penetrate the mucous barrier. A consistent inverse relation- 
ship exists between molecular mass and particle diffusion 
through mucus, especially at molecular masses greater 
than 30 kD. 14 Turbulent flow and airway obstruction can 
affect the airway deposition pattern. Other factors limiting 
efficacy, especially of macromolecules, include binding to 
constituents of mucus, including mucin and DNA, and the 
breakdown of bioactive molecules by proteases and other 
enzymes. Translocation of macromolecules can be further 
compromised by the hypersecretion that accompanies in¬ 
flammation and chronic pulmonary disease. These secre¬ 
tions can be a barrier to the penetration of any aerosol. 15 ’ 16 

The antibiotic diffusion barrier represented by mucin 
may be significant in vitro, particularly for nebulized anti¬ 
biotics. 17 Some antibiotics bind to whole cystic fibrosis 
sputum, with the degree of binding dependent on the 
DNA concentration and the presence of acidic mucins. 18 
Mucolytic agents might be able to increase diffusion 
and increase antibiotic levels in the sputum. 19 Similarly, 
treatment of the sputum-covered cells with recombinant 
human deoxyribonuclease at 50 |xg/ml significantly im- 
proved gene transfer in patients with cystic fibrosis (CF). 20 


Factors promoting translocation include an effective 
surfactant layer and increased particle retention time. 
Discontinuity of mucus in the airway may assist deposi¬ 
tion and translocation. The translocation of particles 
through the mucus layer is likely to depend partly on the 
presence of bronchial surfactant. In vitro experiments have 
shown that pulmonary surfactant promotes the displace- 
ment of some particles from air to the aqueous phase 
and that the extent of particle immersion depends on the 
surface tension of the surface-active film. 21,22 

Drug Dose Distribution 

Dosing of aerosolized medication is an imprecise science. 
It is unclear how much, if any, drug is delivered to targeted 
areas of the lung with progressive disease States or during 
acute exacerbations. All the factors previously discussed 
decrease the rate and depth of aerosol deposition to the 
respiratory tract to as little as 0.5% of the medication dose 
placed in a nebulizer, regardless of whether the patient is 
breathing spontaneously or intubated. High flow increases 
aerosol impaction in larger airways, whereas lower inspira- 
tory flow with high-resistance DPIs can reduce the amount 
of medication inhaled. 

Humidity also influences medication delivery, especially 
for DPIs and in ventilator circuits. Droplets of solution 
may evaporate or grow, depending on the water content 
and temperature of the gas, and powder can clump or 
aggregate in high humidity. High ambient humidity can 
also result from a child exhaling into a DPI or from a DPI 
being brought into a warm indoor environment from the 
cold outdoors (or from inside a car on a very cold day), 
with condensation forming inside the device. 25 

Drug formulations dictate in part which aerosol op¬ 
tions are available for medication delivery. Most solutions 
can be nebulized if the medication is soluble (corticoste- 
roids are a notable exception), but the physical characteris- 
tics of the solution (or suspension) can affect particle size 
and nebulizer output. Furthermore, some macromolecules 
may not enter suspension well and can shatter into non- 
bioactive forms with the force of air required to generate 
an aerosol. Because of development costs, many aerosol 
medications are initially developed as nebulizer solutions 
and later reformulated for DPI or pMDI delivery. 

Theoretically, if a particle can be milled to a respirable 
size while retaining bioactivity, it can be delivered by DPI 
or pMDI. However, development costs are greater for 
these devices than for nebulizer solutions. At present, 
DPI formulations are limited to only a few preparations. 
With more effective DPI devices being developed and 
the need to eliminate chlorofluorocarbon (CFC)-based 
propellants in accordance with the Montreal Protocol 
on Substances that Deplete the Ozone Layer (see http:// 
www.unep.org/OZONE/pdfs/Montreal-Protocol2000 
.pdf), it is anticipated that a greater variety of DPI medi¬ 
cations and devices will soon be commercially available. A 
greater variety of formulations are available for pMDIs, 
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and more are being developed for the newer hydrofluoro- 
alkane (HFA)-based pMDIs. 

AEROSOL DELIVERY 

The most common methods of generating therapeutic 
aerosols are with nebulizers (jet pneumatic, ultrasonic 
[USN], and vibrating mesh [VMN]) and inhalers (pMDIs 
and DPIs). Older methods based on the spray “atomizer” 
or the addition of medications to room humidifiers are 
ineffective, and their use should be discouraged. 

Pneumatic Nebulizers 

Pneumatic nebulizers use the Bernoulli principle to drive a 
high-pressure gas through a restricted orifice and draw the 
fluid into the gas stream from a capillary tube immersed in 
the solution. Shearing of the fluid stream in the jet forms 
the aerosol stream that impacts against a baffle removing 
larger particles that may return to the reservoir. 

An effective pneumatic nebulizer should deliver more 
than 50% of its total dose as aerosol in the respirable range 
in 10 minutes or less of nebulization time. Performance 
varies with diluent volume, operating flow, pressures, gas 
density, and manufacturer. 24 The amount of drug that is 
nebulized increases as the volume of diluent is increased. 
The residual volume of medicine that remains in com- 
mercial small-volume nebulizers (SVNs) varies from 0.5 
to 2.0 ml depending on the specific device; thus increasing 
the fill volume allows a greater proportion of the active 
medication to be nebulized. For example, with a residual 
volume of 1 ml, a fill of 2 ml would leave only 50% of the 
nebulizer charge available for nebulization, whereas a fill 
of 4 ml would make 3 ml, or 75%, of the medication avail¬ 
able for nebulization. No significant difference in clinical 
response has been shown with varying diluent volumes 
and flow rates. 2- ' 

Droplet size and nebulization times are both inversely 
proportional to gas flow through the jet. Proper operating 
gas flow varies with each model of nebulizer, from 2 L/min 
(MiniHEART, Westmed Inc., Tucson, AZ) to 10 L/min 
(Misty Max, Cardinal Flealth, Dublin, OF1). For any given 
nebulizer, the higher the flow to the nebulizer, the smaller 
the particle size generated and the shorter the time re- 
quired to nebulize the full dose. 26,27 Nebulizers that 
produce smaller particle sizes by use of baffles such as 
one-way valves may have a lower total drug output per 
minute than the same nebulizer without baffling, requir- 
ing more time to deliver a standard dose of medication. 

Gas density affects both aerosol generation and delivery 
of aerosol to the lungs, especially with low-density helium¬ 
oxygen mixtures. The lower the density of a carrier gas, the 
less turbulent the flow, which theoretically decreases 
aerosol impaction, allowing more aerosol to pass beyond 
an obstructed airway. 28 This is true with virtually any aero¬ 
sol, with high-concentration heliox increasing aerosol 
delivery by as much as 50%. Heliox concentrations as low 


as 40% can improve aerosol delivery. When using heliox to 
drive a jet nebulizer, the aerosol output is much less than 
with air or oxygen, requiring double the flow to produce a 
comparable output of respirable aerosol per minute. Thus, 
although helium can increase the amount of aerosol reach- 
ing the lungs, it impairs the production of aerosol from jet 
nebulizers. 22 

Humidity and temperature affect the particle size and 
the concentration of drug remaining in the nebulizer. Evap¬ 
oration of water and adiabatic expansion of gas can reduce 
the temperature of the aerosol to as much as 5°C below 
ambient temperature. Aerosol particles entrained into a 
warm and fully saturated gas stream increase in size. These 
particles can also stick together, further increasing the 
MMAD, and with a DPI this can severely compromise 
the output of respirable particles. 

With three different fill volumes, albuterol delivery from 
a nebulizer was found to cease after the onset of inconsis- 
tent nebulization (sputtering). 30 Aerosol output declined 
by one half within 20 seconds of the onset of sputtering. 
The concentration of albuterol in the nebulizer cup in¬ 
creased significantly once the aerosol output declined, and 
further weight loss in the nebulizer was caused primarily by 
evaporation. The conclusion was that aerosolization past 
the point of initial jet nebulizer sputter is ineffective. 

Nebulizer selection affects aerosol delivery. Only nebuliz¬ 
ers that have been shown to work reliably under specific 
conditions, with specific medications, and with specific com- 
pressors should be used. 31 When used to treat small children 
or during mechanical ventilation, nebulizers producing 
aerosols with an MMAD of 0.5 to 3.0 fim are more likely to 
achieve greater deposition in the lower respiratory tract. 5 

Continuous aerosol generation wastes medication be- 
cause the aerosol is produced throughout the respiratory 
cycle and is largely lost to the atmosphere (Figure 11-4, A). 
Patients with an I:E ratio of 1:3 lose a minimum of 75% of 
the aerosol generated to the atmosphere. If only 50% of 
the dose is available from the nebulizer as aerosol in the 
respiratory range and only 25% of that is inhaled by the 
patient, it is clear that less than 10% deposition is typically 
measured with nebulizer therapy. 

A reservoir on the expiratory limb of the nebulizer 
conserves drug aerosol. 31 A simple approach is to place 
6 inches of aerosol tubing on the expiratory side of the 
nebulizer T-tube device. 

On the other hånd, breath-enhanced nebulizers utilize 
a one-way inspiratory valve on the inlet of the nebulizer, 
and another on the mouthpiece or mask directing exhaled 
aerosol away from the nebulizer. 32,33 Theoretically, breath- 
enhanced nebulizers provide more aerosol when ambient 
air vents through the nebulizer during inhalation, and less 
aerosol is cleared from the device when when exhaled gas 
is routed out the expiratory one-way valve in the mouth¬ 
piece, Thus, breath-enhanced nebulizers may increase the 
inhaled dose by as much as 50% compared with continu¬ 
ous simple jet nebulizers (see Figure 11-4, B). 
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FIGURE 11-4 Aerosol generated and inhaled during nebuliza- 
tion therapy. A, Continuous nebulization; B, breath-enhanced 
nebulization; C, breath-actuated nebulization. 

Several systems integrating a bag reservoir and one-way 
valves, such as the Piper (Piper Medical Products, Carmi- 
chael, CA) or Circulaire (Westmed, Tucson, AZ) systems 
collect aerosol in simple bag reservoirs during exhalation, 
allowing the small particles to remain in suspension for 
inhalation with the next breath while larger particles rain 
out in the bag or on the valves. The valves direct the aero¬ 
sol from the reservoir to the patient and from the patient 
to the air, without exhaling back into the reservoir. These 
systems are also more efficient than simple jet nebulizers. 

As another alternative to continuous nebulization, a 
three-way thumb control port, placed between the oxygen 
tubing and the gas inlet of the nebulizer, allows the patient 
to direct gas to the nebulizer only on inspiration. This 
improves efficiency by as much as threefold, but only if 
there is good hand-breath coordination. This increase of 
inhaled dose comes at the cost of longer administration 
time. An alternative to having the patient manually 
control when nebulization occurs, a mechanical or elec- 
tronic design can automate breath actuation. 34 

Breath-actuated nebulization occurs by generating 
aerosol in synchrony with inspiration. Nebulizing only 
during inspiration is more efficient than continuous or 
vented systems (see Figure 11-4, C). Previous studies 
showed that breath-actuated nebulizers (BANs) produce 
smaller particles and more lung dose than continuous 
pneumatic nebulizers. 32,35-37 However, to nebulize the same 
total dose placed in the nebulizer, the breath-actuated 
system may take two to four times longer than the 
continuous nebulizer. - ’ 2 The AeroEclipse (Monaghan Med¬ 
ical, Plattsburgh, NY) is a purely mechanical pneumatic 
device that generates aerosol when the patient produces 


sufficient inspiratory flow (approximately 20 LPM) during 
inspiration. On the other technical extreme, the I-Neb with 
adaptive aerosol delivery (AAD) systems (Philips Respiron- 
ics, Murrysville, PA) and Akita (Activaero, Wohra, DE) use 
a microprocessor and pressure transducer to sense 
inspiratory efforts and regulate nebulization during the 
first half of or all of inspiration. 

A number of in vitro studies have shown greater deposi¬ 
tion in adults and large children with BANs. Lin et al 38 
studied the influence of nebulizer type with different pedi- 
atric aerosol masks on drug deposition in a model of 
a spontaneously breathing small child. After modeling 
toddler breathing patterns, they demonstrated substantial 
reductions in inhaled dose with a mechanical BAN, rather 
than simple continuous nebulizers, despite the BAN ap- 
pearing to be actuating with every inspiratory maneuver. 38 
This suggests that the appearance of breath actuation in 
vivo with young children may not ensure superior aerosol 
delivery. 

There is no randomized trial in the literature showing 
greater bronchodilator efficacy with breath-actuated nebu¬ 
lizers than with pneumatic nebulizers. In a recent clinical 
study by Sabato et al., 36 it was reported that the admission 
rate with the breath-actuated nebulizer and pneumatic jet 
nebulizer were both 40%. Lin and Huang 37 compared a 
breath-actuated nebulizer with a constant-flow pneumatic 
nebulizer in the treatment of children with acute asthma 
and showed a change in pulse rate 5 minutes after the 
treatment. Although these studies provide us with valu- 
able information about breath-actuated nebulizers, future 
research is warranted to understand the efficacy, safety, 
and satisfaction measures of breath-actuated nebulizers in 
the treatment of children. 39,40 

A typical dose of albuterol sulfate solution is 2.5 mg 
(2500 (Jtg). If only 34% (850 |xg) leaves the nebulizer and is 
inhaled by the patient, and some of that drug deposits in 
the upper airways (50 p,g) and is exhaled (500 (Jtg), it 
should not be surprising that 12% deposition of the nomi¬ 
nal dose, typical of ambulatory adult patients, would be 
300 (jtg (Figure 11-5). In small children and infants, depo¬ 
sition can be less than 1%, representing less than 25 (Jtg 
delivered to the lung. 

Gas pressure and flow affect particle size distribution 
and output. A nebulizer that produces an MMAD of 
2.5 |xm when driven by a gas source at 50 psi with a flow 
rate of 6 to 10 L/min may produce an MMAD greater than 
8 p,m when used with a home compressor (or ventilator) 
providing only 10 psi. Insufficient flow can result in negli- 
gible respirable nebulizer output. As a consequence, nebu¬ 
lizers used for home care should be matched to the com¬ 
pressor on the basis of data supplied by the manufacturer 
so that the specific combination of equipment will 
efficiently nebulize the desired medications prescribed. 
European standards require equipment manufacturers to 
demonstrate that their nebulizer and compressor combi¬ 
nation can nebulize the appropriate fill volume of drug 
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FIGURE 11-5 Distribution ofalbuterol delivered via nebulizer (NEB), pressurized metered-dose inhaler 
(MDI), and pressurized metered-dose inhaler with holding chamber (MDI/HC). 


within 10 minutes, deliver more than 50% of the drug in 
the nebulizer as respirable particles, and identify all medi- 
cations with which the nebulizer and compressor might 
reliably meet these two criteria. 41 Until such time that 
standards are required in the United States, clinicians 
should ascertain that patients are prescribed only systems 
that have been demonstrated to meet these criteria. 

Repeated use of a nebulizer will not alter the MMAD, or 
output, as long as it is properly cleaned (rinsed and dried 
between treatments). Failure to clean the nebulizer prop¬ 
erly results in degradation of performance, from clogging 
the jet (Venturi) nebulizer to increasing bacterial contami- 
nation, and buildup of electrostatic charge in the device. 42 
The Centers for Disease Control and Prevention (CDC) 
recommend cleaning and disinfecting nebulizers or rins- 
ing with sterile water between uses, and then air drying. 43 
Storage of multidose solutions at room temperature and 
reuse of syringes to measure the solution represent the 
main sources of nebulizer microbial contamination. 44 
Refrigerating the solution and disposing of syringes every 
24 hours help to eliminate bacterial contamination. 

Large-Volume Nebulizer 

The large-volume pneumatic nebulizer (LVN) has a reser¬ 
voir volume greater than 100 ml and can be used to 
administer an aerosol solution over a prolonged time. In- 
dications for using an LVN to administer a bland solution 
(i.e., sterile water or saline) include the need to humidify 
medical gases when the upper airway is bypassed, control 
stridor with a cold aerosol, and induce sputum. Because 
nebulizers provide a route of transmission for pathogens, 
pass-over humidifiers and heater wire humidifiers are 
preferable. 


LVNs work on the same principles as SVNs, except that 
the residual volume is greater and the effects of evapora¬ 
tion, changing the concentration of medication over time, 
are more profound. 

Caution should be exercised when using LVNs with in- 
cubators or hoods because of the noise produced. The 
American Academy of Pediatrics recommends a sound 
level less than 58 dB to avoid hearing loss in patients in 
incubators and hoods. Many LVNs are designed to deliver 
controlled concentrations of oxygen and use a Venturi 
system to entrain air into the stream of gas administered 
to the patient. Standard entrainment nebulizers may 
deliver a fractional concentration of delivered oxygen 
approaching 1.00 but cannot provide a fractional concen¬ 
tration of inspired oxygen (Fio 2 ) greater than 0.40. Fligh- 
flow nebulizers are designed to deliver high flow rates of 
oxygen, bringing the Fio 2 up to 0.60 to 0.80. Closed dilu- 
tion and gas injection nebulizers provide high-flow access 
to the nebulizer from two gas sources, allowing gas to mix 
without compromising Fio 2 . 

Some LVNs are used for continuous medication delivery 
over a prolonged period. These nebulizers are also powered 
by a compressed gas source, and evidence indicates that 
continuous nebulization is safe, effective, and less time 
consuming compared with intermittent nebulization in 
the treatment of patients with asthma. 45 " 4 However, use of 
these nebulizers for a prolonged period results in changes 
in drug concentration over time. Therefore, empting and 
refilling the LVN every 5 hours are recommended. 48 

Small-Particle Aerosol Generator 

The small-particle aerosol generator (SPAG; Valeant 
Pharmaceuticals International, Aliso Viejo, CA) is a jet 
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FIGURE 11-6 Diagram of small-particle aerosol generator (SP4G), which may be used with a hood, 
tent, mask, or ventilator, psig, Pounds-force persquare inch gauge. 


aerosol generator used to nebulize the antiviral agent 
ribavirin (Figure 11-6). The SPAG incorporates a second- 
ary drying chamber that reduces the MMAD to 1.2 pm, 
with a GSD of 1.4 and relatively high output. The SPAG 
reduces the 50 psi of line pressure medical gas to 26 psi, 
which supplies gas to separate flow meters controlling 
flow to the nebulizer and the drying chamber. As the 
aerosol leaves the medication reservoir, it enters the long 
cylindrical drying chamber, where additional flow of dry 
gas reduces the size of the aerosol particles through 
evaporation. The nebulizer flow is adjusted to maximum, 
approximately 7 L/min, with a total flow from both flow 
meters equal to at least 15 L/min. 

Ribavirin is an expensive antiviral agent that has been 
used to treat high-risk infants and children with severe 
respiratory syncytial viral infections. The effectiveness of 
ribavirin is poor, with few data to support its use for 
such a broad population. In addition, concerns about the 
secondhand exposure of health care workers to ribavirin 
have resulted in recommendations to avoid open-air ad¬ 
ministration, use specific room filtration techniques, and 
use personal protective equipment for staff and visitors. 49 
Ribavirin tends to precipitate into a thick powder that 
forms on the surfaces of tubing and tents. Recommenda¬ 
tions for ribavirin use are now limited to treatment of 
patients who have severe respiratory syncytial virus infec- 
tion and require mechanical ventilation. 50 Risks of using 
ribavirin during mechanical ventilation include delivering 
excessive volume and pressure, so that care should be 
taken to place and frequently change filters in the expira- 
tory limb of the circuit. 51 


Ultrasonic Nebulizers 

The ultrasonic nebulizer (USN) uses a piezoelectric crystal 
vibrating at a high frequency (1.3 to 1.4 mHz) to create an 
aerosol. The crystal transducer converts electricity to 
sound waves, which creates motion and standing waves in 
the liquid immediately above the transducer, forming a 
geyser of droplets (Figure 11-7). USNs are capable of a 
broader range of aerosol output (0.5 to 7.0 ml/min) and 
higher aerosol densities than most conventional jet nebu¬ 
lizers. Particle size is affected by frequency, whereas output 
is affected by the amplitude of the signal. Particle size 
is inversely proportional to the frequency of vibrations. 
Frequency is device specific and is not user adjustable. For 
example, the DeVilbiss Porta-Sonic (DeVilbiss Flealthcare, 
Somerset, PA) operates at a frequency of 2.25 MHz and 
produces a MMAD of 2.5 fim, and the DeVilbiss Pulmo- 
Sonic operates at 1.25 MHz and produces particles in the 
4- to 6-|xm range. Large-volume USNs, used mainly for 
bland aerosol therapy or sputum induction, incorporate 
air blowers to carry the mist to the patient. Low flow rates 
of gas through the nebulizer are associated with higher 
mist density. Unlike jet nebulizers, which cool through 
evaporation, USNs increase the temperature of the drug 
during use, which is associated with increased concentra- 
tion; however, some medications may be denatured by the 
increased operating temperature.^ 2 

A number of small-volume USNs are available for aero¬ 
sol drug delivery. 53 Unlike the larger reservoir USNs, these 
systems do not always use a water-filled couplant compart- 
ment; instead, medication is placed directly into the mani¬ 
fold on top of the transducer connected to a battery power 
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FIGURE 11-7 Aerosol is produced in an ultrasonic nebulizer by focusing sound waves, which disrupt 
the surface of the fluid, creating a standing wave that produces droplets. Flow from a fan pushes the 
aerosol out of the chamber. 


source. The patient’s inspiratory flow draws the aerosol 
from the nebulizer into the lungs. As the USN operates, 
the aerosol remains in the medication cup/chamber until 
a flow of gas draws the aerosol from the nebulizer. Thus, 
during exhalation, aerosol generated by the USN remains 
in the chamber, awaiting the next breath. 

Small-volume USNs may have less residual drug vol- 
ume than SVNs, reducing the need for a large quantity of 
diluent to ensure delivery of drugs. The contained portable 
power source provides convenience and mobility. These 
advantages of USNs may be outweighed by their high cost, 
however, which can be several orders of magnitude greater 
than that of pMDI therapy. USNs have been promoted for 
administration of a wide variety of formulations, ranging 
from bronchodilators to antiinflammatory agents and 
antibiotics. 54 In general, however, USNs have been shown 
to be less effective than other aerosol delivery devices. 55 
This is particularly true with suspensions. 

Several hazards, in addition to bacterial contamination, 
are associated with using a USN. The high-density aerosol 
from USNs has been associated with bronchospasm, in- 
creased airway resistance, and irritability in a substantial 
portion of the population. Overhydration may occur when 
using a USN for prolonged treatment of a neonate or 
small child or patients with renal insufficiency. The struc- 
ture of the medication may be disrupted by acoustic power 
output rated greater than 50 W/cm 2 . 56,57 Several ventilator 
manufacturers have provided USNs for administration of 
aerosols during mechanical ventilation. The advantage of 
the USN during ventilation is that no driving gas flow is 
added to the circuit, changing ventilator parameters and 
alarm settings. 58 Disadvantages may be the weight of the 
USN in the ventilator circuit, a tendency to heat up over 
time, and the potential for reduced therapeutic efficacy of 
medications. 


Vibrating Mesh Nebulizers 

Vibrating mesh nebulizers (VMNs) use electricity to stimu- 
late a piezo element to vibrate a ceramic or metal disk, which 
in turn presses or pumps medication through multiple ori- 
fices. VMNs are of two types: Passive (static) mesh nebulizers 
use an ultrasonic horn to generate vibrations that produce 
aerosol to be inhaled by pushing medication through the 
static mesh, whereas active mesh nebulizers use a piezo 
ceramic element positioned surrounding a dome-shaped 
aperture plate containing 1000 to 4000 tapered apertures to 
vibrate the mesh at a frequency greater than 120 kHz, creat¬ 
ing a micropumping action that makes liquid pass through 
the apertures and break up into fine droplets. 53 Particle size 
is dependent on the diameter of the orifices through which 
the medication passes, and VMNs can be manufactured to 
produce specific MMADs between 2 and 6 fim. VMNs typi- 
cally operate at one tenth the frequency and consume less 
than one tenth the power of a USN, so medications are not 
heated or reconcentrated. This class of nebulizer can effi- 
ciently nebulize suspensions, with mean particle sizes that 
are smaller than the diameter of the apertures. These nebu¬ 
lizers are quite efficient, having residual drug volumes of 
medication ranging from 1 to 100 pL. Because the VMN 
does not add gas to the patient airway or ventilator circuit, 
greater aerosol concentrations can be reached than with jet 
nebulizers. VMNs produce the same size aerosol particles 
with air, oxygen, or helium. Handheld VMN nebulizers tend 
to be much more efficient than continuous jet nebulizers or 
USNs, with inhaled mass ranging from 25% to 55%. When 
used with mechanical ventilators, VMNs do not change 
volumes or flows. 

Technique 

The effectiveness of aerosol therapy with nebulizers can be 
optimized using the right technique. Box 11-2 describes 
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Box 11-2 


Technique for Using Nebulizers 


1. Assemble thø tubing or cable, the nebulizer, and the 
mouthpiece or mask. 

2. Place the prescribed amount of medication in the 
nebulizer’s reservoir. 

3. For a pneumatic nebulizer: 

• Connect the tubing to the flow meter or compressor. 

• Set the flow according to the manufacturer’s 
recommendation (often 6-10 L/min). 

4. For a vibrating mesh or small ultrasonic nebulizer: 

• Connect a clean nebulizer/medication reservoir to 
the mask or mouthpiece. 

• Attach the nebulizer/reservoir to the electronic 
controller. 

• Attach the nebulizer to a power source or make sure 
the device’s battery has a sufficient charge. 

5. Instruct the patient to sit in an upright position, as 
tolerated. 

6. Apply the mouthpiece or mask and encourage the 
patient to breathe through the mouth. If an artificial 
airway is used, make sure the nebulizer is positioned 
appropriately and does not put undue pressure on the 
airway. 

7. Encourage relaxed tidal breathing with low inspiratory 
flow rates and occasional deep breaths. 

8. Operate the nebulizer in an upright position, 45 degrees 
from vertical. 

9. Run the nebulizer until the onset of sputter or until 
aerosol is no longer produced. 

10. At the conclusion of therapy, rinse, wash, disinfect, and 
air dry the nebulizer/reservoir or dispose of it. 

11. Do not submerge the electronic controller or compressor 
in water or disinfectant. 

12. Store the nebulizer in a clean, dry place. 


the optimal technique with each type of nebulizer used in 
the treatment of children with pulmonary diseases. 

Care and Cleaning 

In order to limit the transmission of airborne patho- 
gens, cleaning and disinfection of nebulizers are essen- 
tial. When pneumatic nebulizers are used at the hospi¬ 
tal, they should be changed every 24 hours or at a 
frequency determined by the infection control team of 
the hospital. 33,43,59 ' 63 Also, pneumatic nebulizers should 
be cleaned, rinsed with sterile water, and air dried after 
each treatment. 33,59,61,62 Box 11-3 describes cleaning and 
disinfection procedures of nebulizers for home use. 
Cleaning and disinfection procedures of vibrating mesh 
and ultrasonic nebulizers should be done based on the 
manufacturer’s recommendations. 33,59 

Pressurized Metered-Dose Inhalers 

The pressurized metered-dose inhaler (pMDI) is the most 
commonly prescribed device for aerosol delivery. pMDIs are 
used to administer bronchodilators, anticholinergics, and 


Box 11-3 


Cleaning and Disinfection of 
Nebulizers for Home Use 64 


After each use: 

• Disassemble the nebulizer and mouthpiece or mask. 

• Wash them in warm, soapy water. 

• Rinse with tap water. 

• Shake off the excess water. 

• Place the parts on a clean, absorbent towel and allow 
them to air dry. 

• Reassemble the nebulizer and store it in a clean, dry place. 

Once a day: 

• After washing the nebulizer and mouthpiece or mask, 
place them in a disinfectant solution to soak for 1 hour. 

• Rinse with sterile or d isti I led water. 

• Shake off the excess water and allow the parts to air dry. 

• Reassemble the nebulizer and store it in a clean, dry place. 

Some types of homemade disinfecting solutions: 

• 1 oz quaternary ammonium compound (QAC) to 1 oz 
distilled water; discard weekly. 

• 1 part vinegar (5% acetic acid ) to 3 parts hot water; 
discard after each use. 

• 1 teaspoon household chlorine bleach to 1 gallon of water; 
discard after use. 


antiinflammatory agents. More drug formulations are avail- 
able for administration by pMDIs than by any other nebuli- 
zation system. Properly used, pMDIs are at least as effective 
as other nebulizers for drug delivery. 6 Therefore pMDIs are 
often the preferred method for delivering bronchodilators 
to spontaneously breathing, as well as intubated, ventilated 
patients. 

A pMDI is a pressurized canister containing a drug in 
the form of a micronized powder or solution that is sus- 
pended with a mixture of propellants along with a surfac- 
tant or a dispersal agent (Figure 11-8). 5 Dispersing agents 
are present in concentrations equal to or greater than that 
of the medication. In some patients these agents may be 
associated with coughing and wheezing. 66 The bulk of the 
spray, up to 80% by weight, is composed of a propellant, 
typically a CFC such as Freon. Adverse reactions to CFCs 
are extremely rare. 67 ' 69 More recently pMDIs have been 
developed to use more environmentally safe propellants 
such as HFA-134a. As HFA pMDIs are introduced, they 
represent newer technologies with potentially improved 
performance. 

The output volume of the pMDI varies from 30 to 100 
(jtl and contains 20 pg to 5 mg of drug. Lung deposition is 
estimated to be between 10% and 25% in adults, with high 
intersubject variability largely dependent on user tech¬ 
nique. When proper technique is used, the pMDI delivers 
as much or more of the dose of medication to the lung 
than an SVN. 

The pMDI canister contains a pressurized mixture con¬ 
taining propellants, surfactants, preservatives, and some- 
times flavoring agents, with approximately 1% of the total 
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FIGURE 11-8 Cross-sectional diagrams ofa pressurized metered- 
dose inhaler. 


Optimal Self-Administration 
Technique for Using Pressurized 
Metered-Dose Inhaler 

• Warm pMDI canister to hånd or body temperature. 

• Shake the canister vigorously. 

• Assemble the apparatus and uncap the mouthpiece. 

• Ensure that no loose objects are in the device that could 
be aspirated or could obstruct outflow. 

• Open the mouth wide. 

• Keep the tongue from obstructing the mouthpiece. 

• Hold the pMDI vertically with the outlet aimed at the 
mouth. 

• Place the canister outlet between the lips, or position the 
pMDI 4 cm (two fingers) away from the mouth. 

• Breathe out normally. 

• Begin to breathe in slowly(< 0.5 L/sec). 

• Squeeze and actuate (“fire”) the pMDI. 

• Continue to inhale to total lung capacity. 

• Hold breath for 4 to 10 seconds. 

• Wait 30 seconds between inhalations (actuations). 

• Disassemble the apparatus, and recap the mouthpiece. 
pMDI, Pressurized metered-dose inhaler. 

*Open-mouth technique is not recommended with ipratropium 
bromide. 


Box 11-4 


contents being active drug. This mixture is released from 
the canister through a metering valve and stem that fits 
into an actuator boot, designed and tested by the manu- 
facturer to work with the specific formulation. Small 
changes in actuator design can change the characteristics 
and output of the aerosol from a pMDI. 

Up to 80% of the emitted dose from a pMDI impacts in 
the oropharynx. Actuation of a pMDI into a valved hold¬ 
ing chamber decreases impaction losses by reducing the 
velocity of the aerosol jet, 5 allowing time for evaporation 
of the propellants and for the particles to “age” before im- 
pacting on a surface. The nominal dose of medication with 
a pMDI is much smaller than with a nebulizer. The quan- 
tity of albuterol exiting the actuator nozzle of a pMDI is 
100 pg with each actuation, or 90 pg from the opening of 
the actuator boot; this is how pMDI aerosol actuations are 
characterized in the United States. Thus a dose of 2 
to 4 actuations (200- to 400-pg nominal dose) is typically 
used. In ambulatory patients, 10% deposition may deliver 
a dose of 20 to 40 pg for an effective bronchodilator 
response. 

Technique 

Effective use of a pMDI is technique dependent. Up to two 
thirds of patients who use pMDIs and health professionals 
who prescribe pMDIs do not perform the procedure well 
enough to derive benefit from the medication. °' 71 Box 11-4 
outlines the recommended steps for self-administering a 
bronchodilator with a pMDI. 72 Good patient instruction 


can take 10 to 30 minutes and should include demonstra¬ 
tion, return demonstration, practice, and confirmation of 
patient performance (demonstration placebo units should 
be available for this purpose). Repeated instruction with 
every visit improves performance. 3 

All pMDIs require priming, firing one to four actua¬ 
tions, before first use, and after the device has not been 
used for a prolonged period (1 to 4 days). The HFA pMDIs 
require less frequent priming than CFC devices (check the 
label for each specific device). 

Problems with home use of pMDI devices include not 
only poor technique but also poor storage. The pMDI 
should always be stored with cap on, both to prevent for- 
eign objects from entering the boot and to reduce humid- 
ity and microbial contamination. 3 

Each type of pMDI contains a specific number of actua¬ 
tions (between 60 and 400 actuations). After those doses 
have been administered the pMDI will continue to actuate, 
with or without medication emitted (tailing-off effect), 
placing the patient at risk of not receiving prescribed 
medication. Pressurized MDIs should always be discarded 
when empty to avoid administering propellant without 
medication. The suggestion that pMDIs can be tested for 
drug remaining by floating the canister in water has proven 
not to be accurate and to compromise performance of the 
pMDI. 

It is more accurate for the patient or parent to note 
when the medication was started, the number of doses to 
be taken each day, and the number of doses in the canister, 
and from this information to calculate a discard date. 
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For example, if 200 actuations are in a canister (informa¬ 
tion always indicated on the canister label) and 4 “puffs” 
are taken per day, the canister should be discarded 50 days, 
or 7 weeks, after the start date. This discard date should be 
written on the canister label on the day the new canister is 
started. A more user-friendly alternative is to attach a dose 
counter to the pMDI. In the near future, the U.S. Food and 
Drug Administration will require new pMDIs to be manu- 
factured with dose counters. Because pMDIs deposit up to 
80% of their emitted dose in the oro- and hypopharynx, 
patients should “rinse and spit” to remove excess drug 
from the mouth and back of the throat. 

Infants, young children up to age 3 years, and patients 
in acute distress may not be able to use a pMDI effectively. 
A “cold Freon effect” can occur when the aerosol plume 
reaches the back of the mouth and the patient stops inhal- 
ing. These problems can be corrected by using the proper 
pMDI accessory device (see the next section). 

Accessory Devices 

Various pMDI accessory devices have been developed to 
overcome the primary limitations of pMDI administration: 
hand-breath coordination problems, high oropharyngeal 
deposition, and difficulty in tracking doses. Accessory de¬ 
vices include flow-triggered pMDIs, spacers, valved holding 
chambers, and dose counters. 

Flow-Triggered Device. The Maxair Autohaler (Grace- 
way Pharmaceuticals, Bristol, TN) and Easyhaler (Orion 
Pharma, Espoo, Finland) are flow-triggered pMDIs de¬ 
signed to reduce the need for hand-breath coordination by 
firing in response to the patient’s inspiratory effort. 74 
To use the Autohaler, the patient cocks a lever on the top 
of the unit that spring-loads the canister against a vane 
mechanism. When the patient’s inspiratory flow exceeds 
30 L/min, the vane moves, allowing the canister to be 
pressed into the actuator, firing the pMDI. This device is 
available only with the (3-agonist pirbuterol in the United 
States, but other formulations are in development. The 
Easyhaler has been introduced in Europe with several 
medications and may soon be available in North America. 
The flow required to actuate these devices may be too great 
for some children to generate, especially during acute exac- 
erbations of disease. 

Spacers and Holding Chambers. When properly de¬ 
signed, spacers and valved holding chambers do the 

following: 

Reduce oropharyngeal deposition of drug 

Relieve the bad taste of some medications by reducing 

oral deposition 

Eliminate the cold Freon effect 
Decrease aerosol MMAD 
Increase respirable particle mass 
Improve lower respiratory tract deposition 
Significantly improve therapeutic effects 55,72 ’" 

Spacers should be differentiated from valved holding 
chambers. A spacer device is a simple open-ended tube, 


chamber, or bag that has sufficiently large volume to pro- 
vide space for the pMDI plume to expand by allowing the 
propellant to evaporate. To perform this function, a spacer 
device must have an internal volume greater than 100 ml 
and must provide a distance of 10 to 13 cm between the 
pMDI nozzle and the first wall or baffle. Smaller, ineffi- 
cient spacers can reduce respiratory dose by 60% and offer 
no protection against poor coordination between actua- 
tion and breathing pattern. Spacers with internal volumes 
greater than 100 ml generally provide some protection 
against early firing of the pMDI, although exhaling imme- 
diately after the actuation clears most of the aerosol from 
the device, wasting the dose. 

The valved holding chamber, usually 140 to 750 ml in 
volume, allows the plume from the pMDI to expand. It 
incorporates a one-way valve that permits the aerosol 
to be drawn from the chamber during inhalation only, 
diverting the exhaled gas to the atmosphere and not 
disturbing the remaining aerosol suspended in the cham¬ 
ber (Figure 11-9). Patients with small tidal volumes 
may empty the aerosol from the chamber with five to 
six breaths, except when there is a large dead space. A 
valved holding chamber can also incorporate a mask for 
use by an infant or child. These devices allow effective 
pMDI administration in a patient who is unable to use a 
mouthpiece because of size, age, coordination, or mental 
status. 76 With infants these masks should have minimal 
dead space, should be comfortable on the child’s face, and 
should have a valved chamber that will open and close 
with the low inspiratory flow and volume generated by the 
patient. Box 11-5 describes the correct technique for using 
a pMDI with a holding chamber. 

Valved holding chambers, which reduce the need to 
coordinate breathing with actuation, should be used with 
infants, small children, and any child taking steroids. In 
addition, the chambers reduce the pharyngeal dose of 
aerosol from the pMDI 10- to 15-fold over administration 



One-way valve 


Mouth piece 
or adapter 



One-way valve 


Mouth piece 
or adapter 


'ÅjU- -— Mouth piece 

or adapter 

FIGURE 11-9 Metered-dose inhaler holding chambers are 
spacers with one-way valves that allow the chamber to be emptied 
only when the patient inhales, by preventing the exhaled gas from 
reentering the chamber. 
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Box 11-5 


Optimal Technique for Using 
Pressurized Metered-Dose Inhaler 
with Valved Holding Chamber 

• Warm the pMDI to hånd or body temperature. 

• Shake the canister vigorously, holding it vertically. 

• Assemble the apparatus. 

• Ensure that no loose objects are in the device that could 
be aspirated or could obstruct outflow. 

• Place the holding chamber in the mouth (or place the 
mask completely over the nose and mouth), encouraging 
the patient to breathe through the mouth. 

• Have the patient breathe normally, and actuate at the 
beginning of inspiration. 

• For small children and infants, have them continue to 
breathe through the device for five or six breaths. 

• For patients who can cooperate and clear the chamber 
with one breath, encourage larger breaths with breath 
holding. 

• Allow30 seconds between actuations. 

pMDI, Pressurized metered-dose inhaler. 


without a holding chamber. This decreases the total body 
dose from swallowed medications, which is an important 
consideration with steroid administration. 7S ’ 77> " 8 The high 
percentage of oropharyngeal drug deposition with steroid 
pMDIs can increase the risk of oral yeast infections (thrush). 
Rinsing the mouth after steroid use can reduce this prob¬ 
lem, but most pMDI steroid aerosol impaction occurs 
deeper in the pharynx, which is not easily rinsed. For this 
reason, steroid MDIs should always be used in combina- 
tion with a valved holding chamber. 

Wheezing Infants 

Valved holding chambers make pMDIs as reliable as SVNs 
for aerosol administration. In one study, 34 infants be¬ 
tween 1 and 24 months of age and with acute asthma re- 
ceived two doses of terbutaline, 20 minutes apart, as either 
2 mg/dose in 2.8 ml of 0.9% saline by nebulizer or as 
0.5 mg/dose (5 puffs) by pMDI with a valved holding 
chamber. 79 No difference was found in the rate of improve- 
ment or clinical score, and both devices were reported 
equally effective. Similarly, 60 children 6 years of age or 
less who had an acute asthma exacerbation were random- 
ized to receive albuterol through a nebulizer or pMDI with 
valved holding chamber for three treatments over 1 hour. 80 
All patients showed improvement over baseline, with no 
difference between treatment groups. 

In another study, 84 children were enrolled in the emer- 
gency department to receive inhaled medication with or 
without a valved holding chamber to determine whether a 
single brief demonstration of the proper use of a valved 
holding chamber would result in improved outcomes. 81 
The valved holding chamber group reported significantly 
faster resolution of wheezing, fewer days of cough, and 
fewer missed days of school. 


Evidence-based research does not support the belief 
that an SVN is better than a pMDI if the patient is not 
able to inhale with optimal technique. In faet, if unable 
to perform an optimal maneuver with a pMDI, the pa¬ 
tient cannot perform an optimal maneuver with an SVN. 
Although optimal technique is always preferred, it is 
often difficult to attain with an infant, small child, or 
severely dyspneic patient. For such patients, an alterna¬ 
tive may be to increase the pMDI or nebulizer dose 
(see later discussion). 

Care and Cleaning 

Particles containing drug settie and deposit within these 
devices, causing a whitish buildup on the inner chamber 
walls. This residual drug poses no risk to the patient but 
should be rinsed out periodically. After washing a plastic 
chamber or spacer with tap water, it is less effective for the 
next 10 to 15 puffs, until the static charge in the chamber 
(which attracts small particles) is once again reduced. 
Use of regular dish soap to wash the chamber reduces or 
eliminates this static charge. Metal and nonelectrostatic 
plastic spacers should be cleaned as recommended by their 
manufacturers. 

Accessory devices either use the manufacturer-designed 
boot that comes with the pMDI or incorporate a “univer¬ 
sal canister adapter” to fire the pMDI canister. Different 
formulations of pMDI drugs operate at different pres¬ 
sures, and devices have different orifice sizes in the boot 
specifically designed for use exelusively with the specific 
pMDI. Output characteristics of pMDIs will change when 
using an adapter with a different-size orifice; therefore 
spacers or holding chambers with universal canister 
adapters should be avoided. Devices that include the 
manufacturer’s boot with the pMDI should be used when 
available. 

Dry Powder Inhalers 

Dry powder inhalers (DPIs) create aerosols by drawing 
air through a dose of dry powder medication. The powder 
contains micronized drug particles (MMAD less than 
5 |tm) with larger lactose or glueose particles (greater than 
30 to 100 |tm in diameter), or it contains micronized drug 
particles bound into loose aggregates. 82 Micronized parti¬ 
cles adhere strongly to each other and to most surfaces. 
Addition of the larger particles of the carrier decreases 
cohesive forces in the micronized drug powder so that 
separation into individual respirable particles (disaggrega- 
tion) occurs more readily. Thus the carrier particles aid the 
flow of the drug powder from the device. These carriers 
also act as “fillers” by adding bulk to the powder when the 
unit dose of a drug is small. Usually the drug particles are 
loosely bound to the carrier, 83 and they are stripped from 
the carrier by the energy provided by the patient’s inhala¬ 
tion (Figure 11-10). The release of respirable particles 
of the drug requires inspiration at relatively high flow 
(30 to 120 L/min). 84,8S A high inspiratory flow results in 
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FIGURE 11-10 As patient inhales through a dry powder inhaler, inspiratory flow disaggregates 
particles from the powder bed or capsule and is drawn through a screen that strips the small drug 
particles from the larger carrier particles, creating an aerosol dispersion. 


pharyngeal impaction of the larger carrier particles that 
comprise the bulk of the aerosol and, as with pMDIs, re¬ 
sults in up to 80% of the drug dose being deposited in the 
oro- and hypopharynx. Impaction of lactose carrier parti¬ 
cles gives the patient the sensation of having inhaled a 
dose. Like with pMDIs, patients should rinse and spit after 
inhalation of steroid preparations from a DPI. 

The internal geometry of the DPI device influences the 
resistance offered to inspiration and the inspiratory flow 
required to disaggregate and aerosolize the medication. 
Devices with higher resistance require a higher inspiratory 
flow to produce a dose. Inhalation through high-resistance 
DPIs may improve drug delivery to the lower respiratory 
tract compared with pMDIs as long as the patient can reli- 
ably generate the required flow rate. 67,86 High-resistance 
devices have not been shown to improve either deposition 
or bronchodilation compared with low-resistance DPIs. 
DPIs with multiple components require correct assembly 
of the apparatus and priming of the device to ensure 
aerosolization of the dry powder. Periodic brushing is 
needed to remove any residual powder accumulated within 
some DPIs. 

DPIs produce aerosols in which most of the drug 
particles are in the respirable range, with distribution of 
particle sizes (GSD) differing significantly among various 
DPIs. 68 High ambient humidity produces dumping of the 
dry powder, creating larger particles that are not as effec- 
tively aerosolized. 69 Air with a high moisture content is less 
efficient at disaggregating particles of dry powder than dry 
air, such that high ambient humidity increases the size of 
drug particles in the aerosol and may reduce drug delivery 
to the lung. Newer DPI devices contain individual doses 
more protected from humidity. Humidity can accumulate 
once the device is opened, or if the DPI is stored with the 
cap ofif, or by condensation when the device is brought 
from a very cold environment into a warmer area. 

Because the energy from the patient’s inspiratory flow 
disperses the drug powder, the magnitude and duration of 
the patient’s inspiratory effort influence aerosol generation 
from a DPI. Failure to perform inhalation at a sufficiently 


fast inspiratory flow reduces the dose of the drug emitted 
from DPIs and increases the distribution of particle sizes 
within the aerosol with a variety of devices. 87,88 For example, 
the Advair Diskus (GlaxoSmithKline, London, UK) delivers 
approximately 90% of the labeled dose at an inspiratory flow 
ranging from 30 to 90 L/min, whereas the dose delivered by 
the high-resistance Pulmicort Turbuhaler (AstraZeneca, 
Lund, Sweden) is significantly lower at an inspiratory flow 
of 30 L/min compared with the dose delivered at 90 L/min. 
The variability between doses at different inspiratory flows 
is higher with the Turbuhaler. 89,90 Figure 11-11 shows the 
effect of two inspiratory flows (30 and 55 L/min) when us- 
ing a pMDI, a breath-actuated MDI (Autohaler), a Rotahaler 
(previously GlaxoSmithKline) (DPI 1), a Turbuhaler (DPI 2), 
and a Diskhaler (GlaxoSmithKline) (DPI 3). 91 The peak in¬ 
spiratory flow rate of children is limited and associated with 
age, making it unlikely that a child younger than 6 years 
could reliably empty a DPI requiring greater than 50 L/min 
(Figure 11-12). 91 



Inhaler 

FIGURE 11-11 Fine particle mass delivered from a 100-(jtg 
target dose (±SD) as a function of flow rate. pMDI, Pressurized 
metered-dose inhaler; BAMDI, breath-actuated MDI (Autohaler); 
DPI 7, Rotahaler; DPI 2, Turbuhaler; DPI 3, Diskhaler. 
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Age (years) 

FIGURE 11-12 Peak inspiratory flows in individual inexperienced children and in groups of experienced 
children. 


Technique 

All commercially available DPIs are passive, requiring en- 
ergy from the patient to disaggregate the powder from its 
carrier and container to form aerosol, and therefore are 
breath actuated, reducing the problem of coordinating 
inspiration with actuation. The technique of using DPIs 
differs in important respects from the technique employed 
to inhale drugs from a pMDI (Table 11-1). Although DPIs 
are easier to use than pMDIs, up to 25% of patients may 
use DPIs improperly/ 1 DPIs are critically dependent on 
inspiratory airflow to generate the aerosol. The lower the 
inspiratory flow, the less drug is emitted by the device. 
Children younger than 6 years may not be able to generate 


TABLE 11-1 


Differences in Inhalation Technique Between 
Pressurized Metered-Dose Inhaler with Holding 
Chamber and Dry Powder Inhaler 


Step 

pMDI/HC 

DPI 

Shaking the 

Yes 

No 

inhaler 

Actuation with 

Optional 

Essential 

inspiration 

Inspiration 

Slow, deep; 

Fast, prolonged; 


improves 

required for 


deposition 

deposition 

Interval between 

30-60 sec 

20-30 sec 

doses 

Exhalation into 

Small decrease 

Large decrease in dose 

device 

in dose 


DPI , Dry powder inhaler; pMDI/HC, pressurized metered-dose inhaler 
with holding chamber. 


sufficient inspiratory flow for effective dosing with units 
requiring more than 60 LPM. Exhalation into a DPI may 
blow the powder from the container and into the device, 
away from the patient, reducing drug delivery. Moreover, 
the humidity in the exhaled air reduces subsequent aerosol 
generation from the DPI. Therefore patients must be 
instructed not to exhale into a DPI. Thus DPIs should be 
used with caution, if at all, in the very young or ill child, 
weak patients, elderly persons, and those with altered men¬ 
tal status. Patients may need repeated instruction before 
they can master the technique of using DPIs, and periodic 
assessment is necessary to ensure that patients continue to 
use an optimal technique. 91 Clinicians must also learn the 
correct technique of using DPIs to train their patients in 
the proper use of these devices. Box 11-6 outlines the basic 
steps in the use and care of DPIs. 

Care and Cleaning 

DPIs should be cleaned in accordance with the product 
label. Patients should be trained not to submerge DPIs in 
water, which will dramatically reduce available dose. 33 

DEVICE SELECTION 
AND COMPLIANCE 

Whenever possible, patients should use only one type of 
aerosol-generating device for inhalation therapy. Each type 
requires a different technique, and repeated instruction is 
necessary to ensure that the patient uses a device appropri- 
ately. The use of different devices for inhalation can be con- 
fusing for patients and may decrease their compliance with 
therapy. This has been referred to as “device dementia.” 73 
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Box 11-6 


Technique for Using Dry Powder 
Inhaler 


Priming instructions: Before using a new DPI for the first time, 

check the manufacturer’s instruction and prime the DPI. 

Steps for using the DPIs: 

• Assemble the apparatus. 

• Load dose based on the manufacturer’s instruction. 

• Exhale slowly to functional residual capacity. 

• Exhale away from the mouthpiece. 

• Seal lips around the mouthpiece. 

• Inhale deeply and forcefully (>60 L/min). A breath-hold 
should be encouraged but is not essential. 

• If more than one dose is required, repeat the previous 
steps. 

• Monitor adverse effects. 

• Replace the cover on the inhaler. 

• Keep the inhaler clean and dry at all times (following 
manufacturer’s instruction). 

• Keep the device in a dry place at a controlled room 
temperature (i.e., 20° to 25° C [68° to 77° F]). Do not 
submerge in water. 


At present, DPIs may be considered alternatives to 
pMDIs for patients who can generate inspiratory flow 
rates greater than 30 to 60 L/min but who are unable to 
use pMDIs effectively. DPIs are recommended for therapy 
for patients with stable asthma and chronic obstructive 
pulmonary disease but not for patients with acute bron- 
choconstriction or children younger than 6 years. There- 
fore one drawback of DPIs is that they do not substitute 
for pMDIs in all clinical situations. Moreover, dose adjust- 
ment may be needed when the same drug is administered 
by a DPI instead of a pMDI. Table 11-2 compares DPIs, 
pMDIs, and nebulizers. Deciding on the appropriate dose 
of inhaled corticosteroids may be a particularly vexing 
problem because it is difficult to determine bioequivalence 
with these agents. Further research is needed to determine 
equivalent doses when both the drug and the device used 
for inhalation therapy are altered. 92 ' 93 

Selecting an Aerosol Device 
for Infants and Toddlers (Birth 
to 4 Years) 

Children younger than 4 years of age may not be able 
to master specific breathing techniques and be unable to 
reliably use breath-actuated nebulizers, breath-actuated 
pMDIs, or DPIs, and such devices may not be appropriate 
for this patient population; therefore, administering aero- 
solized medications to infants should be done via a nebu- 
lizer or pMDI with VHC. 33 ' 94,95 

Infants and small children, under the age of 4 years, 
may not be able to use a mouthpiece, requiring a mask for 
administration. Because some children may cry when a 
mask is applied, some clinicians have recommended the 
use of blow-by, that is, directing a stream of aerosol from a 


TABLE 11-2 


Comparison of Pressurized Metered-Dose Inhaler with 
Holding Chamber, Dry Powder Inhaler, and Nebulizer 
as Aerosol Delivery Device 


Factor 

pMDI/HC 

DPI 

Nebulizer 

Performance 

Most aerosol particles <5 fim 
in size 

+ 

+ 

-+- 

High pulmonary deposition 

+ 

-I- 

+ 

Low mouth deposition 

+ 

+ 

— 

Reliability of dose 

+ 

+ 

+ 

Influenced by humidity 

- 

+ 

- 

Physical and Chemical stability 

+ 

+ 

+ 

Breath actuated 

- 

+ 

- 

Risk of contamination 

- 

- 

+ 

Convenience 

Lightweight, compact 

+ 

+ 

- 

Multiple doses 

+ 

+ 

— 

Dose indicator 

- 

+ 

- 

Inexpensive 

+ 

+ 

- 

Easy and quick operation 

-1- 

-h 

— 

Suitable for all ages 

+ 

— 

+ 

Suitable for multiple clinical 

+ 

-h 

+ 


situations 

DPI, Dry powder inhaler; pMDI/HC, pressurized metered-dose inhaler 
with holding chamber. 


nebulizer toward the mouth and nose of an infant, often 
from up to 6 inches away. Just as crying greatly reduces 
lung delivery of aerosol 10 ’ 96 ' 97 so does blow-by. Studies 
demonstrate that inhaled drugs should be given to infants 
when they are settled and breathing quietly because the 
administration of inhaled drugs to patients during sleep 
when infants have quite breathing results in greater in¬ 
haled dose. 98 However, it may be difficult to deliver aero- 
solized drugs to infants without waking them. An in vivo 
study showed that 69% of children woke up during aerosol 
therapy and 75% of them were distressed." Multiple in 
vitro studies reported the importance of face mask seal 
during aerosol therapy 100 ' 101 with both nebulizers and 
pMDIs with VHC. Several studies reported the importance 
of face mask se al 10 ’ 102 " 108 and showed differences in the 
efficiency to achieve a good face mask seal for the different 
face mask designs. 103 ' 104 ’ 106 ' 108 According to a recent in vitro 
study conducted by Mansour and Smaldone, aerosol deliv¬ 
ery via blow-by can be a good alternative for uncooperative 
children if the breath-enhanced nebulizer is used for aero¬ 
sol therapy as opposed to a standard jet nebulizer. 109 How¬ 
ever, several studies indicated that aerosol delivery to 
children reduces as the distance between mask and face 
increases. 100 ’ 101 ' 109 Therefore it is important to teach in¬ 
fants how to play with their mask and learn to tolerate 
it being placed on the face. This takes some time but with 
a little patience from the care provider, it can greatly en- 
hance the efficacy of the aerosol therapy and the trauma to 
both patient and parent, as will comforting babies and 
providing other effective forms of distraction that will 
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help optimize aerosol therapy in infants. If a face mask is 
not tolerated by the infant, use of a hood provides an op¬ 
tion for administering inhaled medications via a nebulizer 
because it is better tolerated by some infants and preferred 
by parents. Some studies showed that the hood and face 
mask have comparable efficacy in infants and leads to a 
better therapeutic index with minimal deposition at the 
infant’s eyes. 110-113 Another alternative to a face mask is the 
high-flow nasal cannula, where aerosol delivery at a lower 
flow appears to be as good or better than use of a tight- 
fitting mask. Although its efficiency has been reported by a 
few in vitro studies, 114,115 clinical studies are still needed in 
this area of research. 

Selecting an Aerosol Device 
for Preschool Children (4-5 Years) 

Nebulizers and pMDIs with VHC are suggested for use 
with preschool children. ’ 3,94 ' 116 ' 117 Although the efficiency 
of both devices are similar, the shorter treatment time and 
portability of the pMDI with VHC makes it more desirable 
than the nebulizer. Once children reach age 5 years, their 
physical and cognitive abilities should be assessed to deter- 
mine whether they can generate the sustained inspiratory 
flow rates required for specific devices. Children who can 
successfully master the more complex breathing tech- 
niques may be given breath-actuated pMDIs or DPIs. Al¬ 
though use of a mouthpiece is an option for preschool 
children, a face mask should be used until the child can 
comfortably use a mouthpiece. 94 

Selecting an Aerosol Device 
for Young Children (6-12 Years) 

Young children can control their breathing. Their hand- 
breath coordination is usually good, and they can master 
complex inhalation techniques. Therefore, several aerosol 
devices, such as pMDI with or without VHC, DPI, and 
breath-actuated pMDI, can be used for this patient popu¬ 
lation. 94 The selection of an aerosol device should be based 
on patients’ physical and cognitive abilities as well as their 
preference and acceptance. 

EMERGENCY BRONCHODILATOR 
RESUSCITATION 

When a patient comes to the emergency department with 
an acute exacerbation of asthma, the onset of the exacerba- 
tion is often 12 to 36 hours earlier. These children have 
often taken rescue medications without obtaining suffi¬ 
cient relief. They, and their parents, are anxious, uncom- 
fortable, and exhausted. The goal is to provide relief as 
soon as possible and to decrease the work of breathing 
until antiinflammatory medications take effect. Admin¬ 
istration of selective (^-agonists and anticholinergics 
such as ipratropium (Atrovent) by aerosol is usually the 
first therapy given. Albuterol (salbutamol outside the 
United States) reaches 85% of bronchodilator effect in 


the first 5 minutes after administration. The national 
asthma guidelines recommend albuterol administration 
with either 2.5 or 5.0 mg by jet nebulizer or 4 to 8 puffs 
of albuterol by pMDI with valved holding chamber at 
20-minute intervals for the first hour. 118,119 

Inhaled short-acting bronchodilators are a mainstay of 
asthma treatment in the emergency room. Now the deci¬ 
sion question is which aerosol device should be used for 
the delivery of inhaled bronchodilators to children in the 
emergency department. A few studies showed that the effi¬ 
cacy of pMDI/VHC is similar to the nebulizer for the treat¬ 
ment of acute asthma exacerbation in the emergency 
room. 120-129 A recent study also showed that use of a 
pMDI/VHC in the emergency room does not increase 
hospital admission and decreases not only length of inpa- 
tient stay but also cost per patient for children admitted to 
the hospital. 130 Despite the evidence, nebulizers are still 
commonly used for the treatment of acute exacerbation in 
the emergency room. The reasons for resistance to using 
pMDI/VHC in the emergency department include in- 
creased equipment costs, myths about the superiority of 
nebulization, concerns about its safety, increased work- 
load, perceived resistance from patients/parents, interpro- 
fessional conflict, and lack of consensus about the benefits 
of pMDI/spacers among staff. 131-133 Overcoming all these 
barriers can be accomplished through the education pro¬ 
grams tailored to physicians and health care professionals 
who will implement the change from nebulizers to pMDIs 
with spacers in the emergency room. 134 

Intermittent Versus Continuous 
Therapy 

If the patient does not experience relief of symptoms 
with standard dosing, frequency of administration is 
often increased to hourly, or even every 15 to 20 minutes, 
in the emergency department. Treatments can be contin- 
ued at this frequency until symptoms are relieved. The 
standard SVN treatment takes 10 to 15 minutes and 
requires that a clinician be at the bedside constantly. 
An alternative to intermittent treatments is continuous 
nebulization delivering at a controlled rate of medica- 
tion over an extended period, with the patient moni¬ 
tored for rapid identification of increases in heart rate. 
Doses of albuterol between 7.5 and 15 mg/hr have been 
shown to be effective in treating acute exacerbation of 
asthma in adults and children. 1 , ’ -138 

One strategy for continuous nebulization is to use an 
intravenous infusion pump to drip a premixed bronchodi¬ 
lator solution through a port into the reservoir of a stan¬ 
dard SVN (operating at 6 to 8 L/min) or specialty nebulizer 
such as the MiniHEART nebulizer (Westmed) (operating 
at 2 L/min). More recently a VMN, the Aeroneb Solo 
(Aerogen, Dangan, Galway, Ireland), with a port for drip 
feed and continuous operation, has been introduced. An¬ 
other solution is to use an LVN that produces an MMAD 
in the respirable range and that is known to deliver a 
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consistent output of medication at a specific flow. Al- 
buterol solution and normal saline are mixed in the reser¬ 
voir, and the LVN is operated at a specific flow, identified 
by the manufacturer, to deliver the desired dose. Several 
LVNs are now commercially available for continuous 
administration of bronchodilators. The HEART high-out- 
put nebulizer (Westmed) has an output of approximately 
30 ml/hr at a flow of 10 L/min for up to 6 or 8 hours. 
The HOPE nebulizer (B&B Medical Technologies, Loomis, 
CA) is a closed dilution nebulizer that allows drug 
output and oxygen or heliox administration. The medica¬ 
tion can be delivered through an aerosol mouthpiece or 
mask or in-line with a ventilator circuit. For patients 
with moderately severe asthma, continuous therapy and 
intermittent therapy have similar effects with either low- 
dose or high-dose |3-agonists. For patients with a severe 
asthma exacerbation, or forced expiratory volume in 
1 second (FEVj) less than 40% of predicted values, continu¬ 
ous therapy may work more rapidly. 138 

Although (3 2 -agonists are the first-line agents for acute 
exacerbation of asthma, data from both adults and chil- 
dren suggest that ipratropium bromide is synergistic with 
(3-agonists for the therapy of acute asthma. 1 ’ 9 ' 144 Combi- 
nation bronchodilator therapy using albuterol and ip¬ 
ratropium in patients with severe asthma significantly re- 
duced the percentage of patients hospitalized (Figure 
11-13). 143 It is important to remember that poor relief of 
acute asthma with bronchodilators may signify a nonasth- 
matic cause of wheezing, such as foreign body aspiration 
or tracheitis. Infants with bronchiolitis respond poorly to 
bronchodilator medications, which are therefore not rec- 
ommended for this condition. 



All patients Patients with Patients with 
moderate asthma severe asthma 
FIGURE 11-13 Rates of hospitalization of patients with 
asthma from the emergency department after treatment with 
albuterol (control) or with albuterol and ipratropium (ipratro¬ 
pium). Numbers in columns, number of children tested. In 
patients with moderate asthma, no difference was seen in hospi¬ 
talization rate. In patients with severe asthma, the benefits of 
combined therapy were significant. 


Undiluted Bronchodilator 

A faster method of administering albuterol is achieved 
by placing undiluted medication into the nebulizer. 
Diluent is typically added to medication in the nebulizer 
to reduce the fraction of the dose that is trapped as 
residual volume. With undiluted administration, enough 
medication must be added to the nebulizer to exceed the 
residual volume of the nebulizer and to allow 1.0 to 
2.0 ml of albuterol solution (5 to 10 mg) to be nebulized. 
Patients should be monitored closely during administra¬ 
tion, and the treatment should be terminated if the 
patient has significant reduction of symptoms and be- 
gins to develop tremor or other side effect. Undiluted 
albuterol administered with specialty nebulizers achieves 
similar improvements in clinical status in less time. 
The osmolarity of undiluted medication may be a prob¬ 
lem for some patients, especially children younger than 
2 years old. 

MECHANICAL VENTILATION 

In the past the consensus was that the efficiency of aerosol 
delivery to the lower respiratory tract in mechanically 
ventilated patients was much lower than that in ambula- 
tory patients. In 1- to 4-kg infants, Fok and colleagues 8 
demonstrated less than 1% deposition with jet nebulizers 
and pMDIs with spacers during mechanical ventilation 
and spontaneous breathing. 

Data suggest that this might be overly pessimistic, how- 
ever, because a number of variables affect aerosol delivery 
during mechanical ventilation (Box 11-7). 

Factors Affecting Aerosol Delivery 
Ventilator-Patient Interface 

The ventilator circuit is typically a closed system that is 
pressurized during operation, requiring the nebulizer or 
pMDI to be attached with connectors that maintain 
the integrity of the circuit during operation. The pMDI 
cannot be used with the actuator designed by the manu¬ 
facturer, and use of a third-party actuator is required 
(Figure 11-14). The size, shape, and design of these actua- 
tors greatly affect respirable drug available to the patient 
and may vary with different pMDI formulations. 145 

Breath Configuration 

During controlled mechanical ventilation (CMV), the pat¬ 
tern and rate of inspiratory gas flow and breathing differ 
from spontaneous respiration. Ambulatory adult patients 
under normal stable conditions tend to have sinusoidal 
inspiratory flow patterns of about 30 L/min, whereas 
ventilators may use square or decelerating waves with con- 
siderably higher flow. Also, the airways are pressurized on 
inhalation when using CMV, whereas spontaneous inspi¬ 
ration is generated by negative airway pressure drawing gas 
deep into the lungs. All these factors influence aerosol 
delivery to the lung. 
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1 Variables That Affect Aerosol Delivery and Deposition During Mechanical Ventilation 

VENTILATOR RELATED 

CIRCUIT RELATED 

Mode 

Endotracheal tube 

Tidal volume 

Inhaled gas humidity 

Respiratory frequency 

Inhaled gas density 

Duty cycle 

DRUG RELATED 

Inspiratory flow waveform 

Dose 

Trigger mechanism 

Formulation 

DEVICE RELATED 

Aerosol particle size 

Metered-dose inhaler 

Targeted site for delivery 

Type of spacer or adapter 

Duration of action 

Position of spacer in circuit 

PATIENT RELATED 

Timing of actuation 

Severity of airway obstruction 

Nebulizer 

Mechanism of airway obstruction 

Type of nebulizer 

Presence of dynamic hyperinflation 

Fill volume 

Patient-ventilator synchrony 

Gas flow 

Cycling: inspiration versus continuous 

Duration of nebulization 

Position in circuit 






FIGURE 11-14 MDI holding chambers to use i n-line with mechanical ventilator circuits or in i ntu bated 
patients or those with tracheostomies. 
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Airway 

In the mechanically ventilated patient, the conduit be- 
tween the aerosol device and lower respiratory tract is 
narrower than the oropharynx and trachea. Although the 
endotracheal tube (ETT) is narrower than the trachea, its 
smooth interior surface may create a more laminar flow 
path than the structures of the glottis and larynx and may 
be less of a barrier to aerosol delivery than the ventilator 
circuit. In vitro studies demonstrate that three times more 
aerosol from the pMDI is delivered past the ETT during 
CMV under dry condition than deposits in the lung 
through an intact upper airway, raising some doubt that 
the ETT is the primary barrier to aerosol. 146 

Environment 

Ventilator circuits are typically designed to provide heat 
and humidity for inspired gas to compensate for bypassing 
the normal airway. Humidity can increase particle size and 
reduce deposition during CMV, but no data suggest that 
this reduction is unique to the ventilated patient. The 
ambulatory patient receiving aerosol, from either an in¬ 
haler or nebulizer, in a hot, high-humidity climate may 
experience a similar reduction in delivered dose. 

Response Assessment 

The most common method by which to assess patient 
response to bronchodilator administration is through 
changes in expiratory flow. During mechanical ventilation, 
forced expiratory maneuvers are impractical, poorly repro- 
ducible, and rarely performed, requiring other, less sensi¬ 
tive methods such as monitoring pressure changes (peak 
and plateau) during ventilator-generated breaths (e.g., pas¬ 
sive inspiration). Fok and colleagues demonstrated differ¬ 
ences in the response in a rabbit model of ventilated 
infants and found that a pMDI was more effective than a 
jet nebulizer and that a USN was more effective than either 
(Figure 11-15). 147 Other changes in mechanics consistent 
with bronchodilator therapy include decreasing the pres¬ 
sure needed to deliver a set tidal volume during volume 
ventilation, decreasing the mean airway pressure (now 
continuously monitored electronically by most mechani¬ 
cal ventilators), and decreasing the requirement for sup¬ 
plemental oxygen. Flow-volume loops have been used to 
demonstrate bronchodilator response in infants, but un- 
less the patient is sedated and paralyzed, respiratory ef- 
forts can provide misleading differences before and after 
bronchodilator administration. Chest auscultation to de- 
tect changes in wheezing is notoriously inaccurate and 
should never be used as the sole criterion for evaluating 
the effect of inhaled bronchodilators. For example, wheez¬ 
ing may become more prominent as severe bronchospasm 
is relaxed and the lungs begin to open up. 

Nebulizer Placement 

Placement of a continuous jet nebulizer 30 cm from the 
ETT is more efficient than placement between the patient 
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Duration after aerosol treatment min 
FIGURE 11-15 Measurements of respiratory system resistance 
(Rre) before, and 15, 30, 60, and 120 min after, salbutamol treatment 
via a metered-dose inhaler (MDI), a jet nebulizer (Jet: Sidestream), 
and an ultrasonic nebulizer (US). *Posttreatment values were signifi- 
cantly lower than the pretreatment Rrs, p < 0.0001. 


Y-device and the ETT because the inspiratory ventilator 
tubing acts as a spacer for the aerosol to accumulate 
between inspirations. 148 Addition of a spacer device be¬ 
tween the nebulizer and ETT modestly increases aerosol 
delivery. 141 Placement of an ultrasonic or vibrating mesh 
nebulizer near the patient Y-device is more efficient than 
placement near the ventilator, unless bias flow exceeds 
2 L/min. Operating the nebulizer only during inspiration 
is marginally more efficient for aerosol delivery compared 
with continuous aerosol generation. 18 

Ari et al. compared aerosol delivery from four types of 
generators (jet [JN], ultrasonic [USN], vibrating mesh 
[VMN] nebulizers, and pMDI) in three positions (between 
the ETT and Y, in the inspiratory limb near the Y, and 
proximal to the ventilator) during continuous mechanical 
ventilation with no bias or trigger flow. 150 When operated 
in the inspiratory limb near the Y, the pMDI, USN, and 
VMN delivered 16% to 17% of the dose distal to the ETT, 
whereas the jet nebulizer delivered 3.5% in a heated, hu- 
midified circuit. Moving the aerosol generator back toward 
the ventilator increased the jet nebulizer to 6%, but re- 
duced efficiency of the other generators. In a similar ex- 
periment with 2 and 5 LPM of bias flow, both VMN and jet 
nebulizer were more efficient placed near the ventilator 
before the humidifier than in the inspiratory limb near the 
Y. This was demonstrated with both adult and pediatric 
circuits and parameters. 150,151 Figure 11-16 illustrates the 
experimental setup used by Ari et al. with jet nebulizer and 
vibrating mesh nebulizer; Figure 11-17 shows the effect of 
nebulizer type, placement, and bias flow on aerosol deliv¬ 
ery in adult and pediatric lung models. 150 

Inhaler Adapters 

Several types of commercial adapters are available to con- 
nect the pMDI canister to the ventilator circuit. Pressur- 
ized MDIs can be used with adapters that attach directly to 
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FIGURE 11-16 Experimental setup used with jet nebulizer (above) and vibrating mesh nebulizer (below) 
placed in two positions in an adult (22 mm ID) and pediatric (1 5 mm ID) ventilator circuits. 



mesh nebulizers in adult and pediatric lung models. 


the ETT, with inline chamber or nonchamber adapters 
placed in the inspiratory limb of the ventilator circuit. In 
vitro and in vivo studies have shown that the combination 
of a pMDI and an accessory device with a chamber results 
in a four- to sixfold greater delivery of aerosol than pMDI 
actuation into a connector attached directly to the ETT or 
into an inline device that lacks a chamber. 76 ’ 148 ’ 149 ’ 152 ' 154 
When using the elbow adapter connected to the ETT, 
actuation of the pMDI out of synchrony with inspiratory 
airflow delivers little aerosol to the lower respiratory tract. 
This observation may explain the lack of therapeutic effect 


with this type of adapter after administration of high 
doses (100 puffs, 1 mg of albuterol) of aerosol from a 
pMDI in some studies. 155 

Aerosol Particle Size 

In mechanically ventilated patients the ventilator circuit 
and ETT act as baffles that trap particles with larger diam¬ 
eter en route to the bronchi, and hygroscopic particles 
might increase further in size in the ventilator circuit. 
Wide variability exists in the MMAD of aerosol particles 
produced by different brands of nebulizers. Nebulizers 
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producing smaller aerosol particles (MMAD, <2 fim) are 
likely to produce greater deposition in the lower respira- 
tory tract of ventilator-supported patients. 136 

Endotracheal Tube 

Aerosol impaction in the ETT can reduce the efficiency of 
aerosol delivery in mechanically ventilated patients. The 
efficacy of aerosol delivery decreases when narrow ETTs 
are used in pediatric ventilator circuits. 156,13 The efficiency 
with which various nebulizers deliver aerosols beyond the 
ETT did not vary among tube sizes ranging in internal 
diameter from 7 to 9 mm. 152 

Heating and Humidification 

Humidification of inhaled gas decreases aerosol deposi¬ 
tion with pMDIs and nebulizers by approximately 40% 
using in vitro models, probably because of increased par- 
ticle loss in the ventilator circuit. 76,156 ' 158 More recently, 
evidence suggests that models that exhale humidity, more 
accurately simulating patient conditions, show little to 
no difference in delivered aerosol with passive or active 
humidity. This would eliminate any benefit of turning ofif 
active humidification before administration of aerosol. 
Absence of humidification may not pose problems during 
the brief period required to administer a bronchodilator 
with a pMDI; however, inhalation of dry gas for more than 
a few minutes can damage the airway. 76 In addition, the 
disconnection of the ventilator circuit required to bypass 
the humidifier interrupts ventilation and may increase the 
risk of ventilator-associated pneumonia. For routine bron¬ 
chodilator treatment, we recommend using either a pMDI 
or a nebulizer with a humidified ventilator circuit. 

Density of Inhaled Gas 

High inspiratory flow with air or oxygen produces turbu- 
lence and increased aerosol impaction. Breathing less 
dense gas such as helium-oxygen improves aerosol deposi¬ 
tion. Studies in ambulatory patients with airway obstruc¬ 
tion reveal higher aerosol retention when breathing 
helium-oxygen compared with air. 159,160 Studies on the ef- 
fects of helium-oxygen mixtures on aerosol deposition 
during mechanical ventilation demonstrated an up to 
50% increase in deposition of albuterol from a pMDI or 
SVN during CMV of a simulated adult patient. 29 

Ventilator Mode and Settings 

The ventilator mode and settings of tidal volume, flow, 
and respiratory rate influence the characteristics of the 
airflow used to deliver aerosol in mechanically ventilated 
patients. For optimal aerosol delivery, actuation of a pMDI 
into a spacer needs to be synchronized with the onset of 
inspiratory airflow. Actuation of a pMDI into a cylindrical 
spacer synchronized with inspiration results in approxi¬ 
mately 30% greater efficiency of aerosol delivery compared 
with actuation during exhalation. 6 When using an elbow 
adapter, actuation of a pMDI that is not synchronized 


with inspiratory airflow achieves negligible aerosol delivery 
to the lower respiratory tract. Aerosol can be delivered dur¬ 
ing assisted modes of ventilation, provided that the 
patient is breathing in synchrony with the ventilator. 
Albuterol deposition may be up to 23% higher during 
simulated spontaneous breaths than with controlled 
breaths of equivalent tidal volume. 158 For efficient aerosol 
delivery to the lower respiratory tract, the tidal volume of 
the ventilator-delivered breath must be larger than the 
volume of the ventilator tubing and ETT. Tidal volumes of 
500 ml or greater in adults are associated with adequate 
aerosol delivery, but the higher pressures required to de¬ 
liver larger tidal volumes can be detrimental to the lungs. 
For infants and small children, volumes that exceed the 
mechanical dead space of the circuit and airway help to 
optimize delivery. 

Aerosol delivery directly correlates with longer inflation 
times. 156 " 158 Because nebulizers generate aerosol over sev- 
eral minutes, longer inspiratory times have a cumulative 
efifect in improving aerosol delivery. However, pMDIs pro¬ 
duce aerosol only over a portion of a single inspiration, 
and the mechanism by which longer inspiratory times 
increase aerosol delivery is unclear. Aerosol particles that 
deposit in the ventilator tubing may be swept oflf the walls 
and entrained by longer periods of inspiratory flow. 

In addition, the diluent volume and the duration 
of treatment influence nebulizer efficiency. 155 Approxi¬ 
mately 5% of the nominal dose of albuterol administered 
by a pMDI is exhaled in mechanically ventilated pa¬ 
tients, whereas less than 1% is exhaled with the use of 
pMDIs in ambulatory patients. 29,161 The mean exhaled 
fraction (7%) with the use of nebulizers in mechanically 
ventilated patients is similar to that with MDIs, but con- 
siderable variability exists between patients (coefficient 
of variation, 74%). 162 

Technique of Aerosol Administration 
in Critical Care 

Deposition of aerosol during mechanical ventilation varies 
with the type of aerosol generator used. During mechani¬ 
cal ventilation of adult patients under standard conditions 
(humidity on; I:E ratio, 1:2), 1% to 3% of the dose is deliv¬ 
ered to the lungs. 163 Under similar conditions, a pMDI, 
with proper spacer and synchronized actuation, can de¬ 
liver 11% of an emitted dose to the lungs. Both ultrasonic 
and vibrating mesh nebulizers may deliver up 10% to 15% 
of a dose. 164,165 

In the infant, the deposition is considerably less (0.2% 
to 1.0%) with jet nebulizers and pMDIs, whereas the vibrat¬ 
ing mesh nebulizer appears to be an order of magnitude 
more efficient (9% to 12.9%). 165 

In both adults and infants, the gas driving the jet nebu¬ 
lizer enters the ventilator circuit, with the potential for 
changing delivered volumes, pressures, and parameters; 
this can set off alarms. Because of the relatively low 
flow rates used in infant ventilator circuits, the addition of 
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2 to 6 L/min of gas can more than double the delivered 
volume. With other aerosol generators such as pMDIs and 
ultrasonic and vibrating mesh nebulizers, there is no sub- 
stantial increase in gas volume and ventilator parameters 
remain consistent. 

Specific techniques can improve the efficiency of every 
ventilator circuit. In vitro the best delivery with a jet 
nebulizer during CMV (15% to 35%) was accomplished 
with a nebulizer (e.g., AeroTech II; Biodex Medical Sys¬ 
tems, Shirley, NY) that produces particles with an 
MMAD less than 2 p.m, but it can take 35 minutes to 
administer a 3 ml dose of medication. This dose was 
nebulized into a dry ventilator circuit, with a duty cycle 
of 0.5 at inverse-ratio ventilation. 162 Admittedly, this 
approach might be difficult to tolerate for a patient 
requiring mechanical ventilation. A common nebulizer 
that generates particles with an MMAD of 3.5 |xm takes 
half the time but may reduce the dose to the lung by up 
to 50%, reducing total deposition to 7.5%. Keeping the 
humidifier on during administration reduces delivery 
by another 40% (decreasing total deposition to 4%), and 
reducing the duty cycle to a normal 0.25 reduces deposi¬ 
tion to 2%. 155 

Studies on the dose response to bronchodilators in me- 
chanically ventilated patients have not been done in chil- 
dren and infants. This requires us to extrapolate data from 
adult ventilated patients, in whom bronchodilator effects 
were observed with the administration of a 3-ml unit dose 
containing 2.5 mg of albuterol with a jet nebulizer or 
4 actuations (400 |xg) with a pMDI. 166 The pMDI was 
administered to stable patients through a humidified 
ventilator circuit, with a chamber-style adapter placed in 
the inspiratory limb at the Y-piece. Actuations were syn- 
chronized to inspiration, with a pause of 20 to 30 seconds 
between actuations. Minimal therapeutic advantage was 
gained by administering higher doses, but the potential for 
side effects was increased. 165,166 In the routine clinical set- 
ting, higher doses of bronchodilators may be needed for 
patients with severe airway obstruction or if the technique 
of administration is not optimal. Because these results 
were observed with humidified ventilator circuits, we do 
not recommend bypassing the humidifier for routine 
bronchodilator therapy. In summary, when the technique 
of administration is carefully executed, most stable me- 
chanically ventilated patients achieve near maximal bron- 
chodilation after administration of 4 puffs of albuterol 
with a pMDI or 2.5 mg with a nebulizer. Dosing require- 
ments for infants and small children during mechanical 
ventilation have not been established and should be 
titrated to effect. In this case, to a decrease in airway resis- 
tance or an increase in tachycardia or tremor. Some 
authors have recommended that flow-volume loops be 
monitored before and after bronchodilator administra¬ 
tion to quantify changes in airway resistance. In patients 
who are not totally sedated, these loops can change with 
patient inspiratory efforts and may be misleading. 


Single-dose ampoules of drug are preferred to multi- 
dose containers or bottles, which are more easily contami- 
nated. Similarly, when the chamber spacer remains in the 
ventilator circuit between treatments, condensate collects 
inside. Using a heated wire circuit can reduce the forma¬ 
tion of condensate within the spacer. Care must be taken 
to prevent the condensate in the spacer from being washed 
into the patient’s respiratory tract when the spacer is 
pulled open during use. When a noncollapsible spacer 
chamber is used to actuate a pMDI, it should be removed 
from the ventilator circuit between treatments. No studies 
demonstrate contamination problems with administra¬ 
tion of aerosol from a pMDI during CMV. 

The administration of medication by pMDI to the me- 
chanically ventilated neonate may not be well tolerated. 
Leaving a chamber device in-line is not practical because of 
the increased compressible volume incorporated into the 
ventilator circuit. Depending on the Fio 2 and the propel- 
lant gas volume, an inline pMDI actuation theoretically 
may result in the delivery of a hypoxic gas mixture to 
an infant receiving a tidal volume less than 100 ml. It is 
possible to deliver a pMDI aerosol medication to the intu- 
bated neonate, especially for medications available only in 
pMDI preparations. However, it may be preferable to hånd 
ventilate the pMDI delivery of medication to the patient. If 
a chamber adapter is used, the infant must be removed 
from the circuit, the chamber placed in-line, and the infant 
reattached to the circuit before the pMDI is administered. 
The large dead space volume caused by placing a spacer or 
chamber at the end of the ETT must also be considered 
when administering pMDI medications to an infant. 

BRONCHODILATOR 

ADMINISTRATION 

Inhaler Versus Nebulizer 

Nebulizers and pMDIs are equally effective in the treat¬ 
ment of airway obstruction in ambulatory children. 167 
Similarly, nebulizers and pMDIs produce similar thera¬ 
peutic effects in mechanically ventilated patients. 

The use of pMDIs for routine bronchodilator therapy 
in ventilator-supported patients is preferred because of 
several problems associated with the use of jet nebulizers. 
The rate of aerosol production by nebulizers is highly vari¬ 
able, not only in nebulizers from different manufacturers 
but also in different batches of the same brand. Further- 
more, the nature of the aerosol produced, especially the 
particle size, is also highly variable among different nebu¬ 
lizers. The issue is further complicated because the operat¬ 
ing efficiency of a nebulizer changes with the pressure of 
the driving gas and with different fill volumes. Because the 
pressure of the gas supplied by a ventilator to drive the 
nebulizer during inspiration is lower than that supplied by 
a tank/air compressor unit, the efficiency of some nebuliz¬ 
ers can be drastically decreased in a ventilator circuit. The 
gas flow driving the nebulizer produces additional airflow 
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in the ventilator circuit, necessitating adjustment of tidal 
volume and inspiratory flow when the nebulizer is in use. 
When patients are unable to trigger the ventilator during 
assisted modes of mechanical ventilation because of 
the additional nebulizer gas flow, hypoventilation can 
result. 166 Therefore, before using a jet nebulizer to treat a 
ventilator-supported patient, it is imperative to character- 
ize its efficiency in a ventilator circuit under the typical 
clinical conditions in which it will be used. 

Box 11-8 outlines a modification of the technique of 
aerosol administration with jet nebulizers to mechanically 
ventilated patients. Box 11-9 provides another strategy for 
bronchodilator therapy using a pMDI. 5 

Care of Accessory Devices and 
Nebulizers 

For intubated infants or children with increased work of 
breathing or poor I:E ratios and for those in whom intuba- 
tion is imminent, a nebulizer or pMDI adapted to a resus- 
citation bag can be used. The same Fio 2 is used with the jet 
nebulizer and the resuscitation bag. Flow to the nebulizer 
should be optimal for the nebulizer used, and flow to the 


Technique for Using Nebulizers 
to Treat Mechanically Ventilated 
Patients 

• Place drug solution in the nebulizer to the optimal flll 
volume (2-6 ml). 

• Place the nebulizer in the inspiratory line, about 30 cm 
from the patient’s Y-piece. 

• Ensure sufficient airflow (6-8 L/min) to operate the 
nebulizer. 

• Ensure adequate tidal volume (about 500 ml in adults, 

7 mg/kg for infants and children). Attempt to use a duty 
cycle greater than 0.3, if possible. 

• Adjust the minute volume, sensitivity trigger, and alarms to 
compensate for additional airflow through the nebulizer if 
required. 

• Turn off flow-by or continuous-flow mode on the ventilator 
and remove the heat moisture exchanger (if present) from 
between the nebulizer and the patient. 

• Observe the nebulizer for adequate aerosol generation 
throughout use. 

• Disconnect the nebulizer when no more aerosol is being 
produced. 

• Rinse with sterile water or air dry between uses. Store the 
nebulizer under aseptic conditions. 

• Reconnect the ventilator circuit, and return to original 
ventilator and alarm settings. Confirm proper operation 
with no leaks in circuit. 

'The volume of solution associated with maximal efficiency varies 
with different nebulizers and should be determined before using any 
nebulizer. 

'The nebulizer may be operated continuously or only during inspiration; 
the latter method is more efficient for aerosol delivery. Some ventilators 
provide inspiratory gas flow to the nebulizer. Continuous gas flow from 
an external source can also be used to power the nebulizer. 


Technique for Using Pressurized 
Metered-Dose Inhaiers to Treat 
Mechanically Ventilated Patients 

1. Minimize the inspiratory flow rate during administration. 

2. Aim for an inspiratory/expiratory ratio (excluding the 
inspiratory pause) greater than 0.3 of total breath duration. 

3. Ensure that the ventilator breath is synchronized with the 
patient’s inspiration. 

4. Shake the pMDI vigorously. 

5. Place the canister in the actuator ofa cylindrical spacer 
situated in the inspiratory limb of the ventilator circuit. 

6. Actuate the pMDI to synchronize with precise onset of 
inspiration by the ventilator. 1 

7. Allow passive exhalation. 

8. Repeat actuations after 20 to 30 seconds until total dose 
is delivered.f 

pMDI, Pressurized metered-dose inhaler. 

*With pMDIs, it is preferable to use a spacer that remains in the 
ventilator circuit so that disconnection of the ventilator Circuit can 
be avoided at the time of each bronchodilator treatment. Although 
bypassing the humidifier can increase aerosol delivery, it prolongs the 
time for each treatment and requires disconnection of the ventilator 
circuit. 

Ln ambulatory patients with the pMDI placed inside the mouth, 
actuation is recommended briefly after initiation of inspiratory 
airflow. In mechanically ventilated patients in whom a pMDI and 
spacer combination is used, actuation should be synchronized with 
onset of inspiration. 

Trhe manufacturer recommends repeating the dose after 1 minute. 
However, pMDI actuation within 20 to 30 seconds after the prior dose 
does not compromise drug delivery. 


bag should be reduced to compensate for the flow from 
the nebulizer. When using a bag and mask to deliver 
medication, care must be taken to avoid gastric insuffla- 
tion, pulmonary hyperinflation, and hyperventilation or 
hypoventilation. The mask is used to create a good seal, 
and attempts must be made to time the inflation with the 
inspiratory effort. Care must be taken to stabilize the ETT 
to prevent accidental extubation with the added weight of 
the equipment. The patient is ventilated using the same 
pressures and rate as with the mechanical ventilator. It 
is theoretically helpful to deliver an occasional sigh by 
providing a slight inspiratory hold at the peak inspiratory 
pressure, thereby enhancing the volume and depth of 
medication delivered while providing additional time for 
deposition to occur in the airways. 

HOME CARE AND MONITORING 
COMPLIANCE 

With most therapeutic aerosols being administered in 
the home, patient education and adherence with written 
medicine and action plans are critical. To improve com- 
pliance, aerosol therapy should be administered along 
with some easily remembered activity of daily living. For 
twice-daily administration, medications can be kept with 
the toothbrush and inhaled just before brushing teeth. 


Box 11-8 


Box 11-9 
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This approach also reduces aerosol corticosteroid deposi¬ 
tion in the oral pharynx. It is always best to avoid the 
regular use of medication at school because the inconve- 
nience can significantly reduce compliance and may em- 
barrass some children. However, the availability of rescue 
medication at school (or day care or other caregiver’s 
home) must be ensured. It helps to prepare written guide¬ 
lines for medication use. Distribute these guidelines to 
all the places where the child stays, such as home, school, 
or the residence of each parent if divorced or separated. 78 

It is helpful, at least initially, to keep a diary of medica¬ 
tion use. Lack of response to inhaled asthma medication 
can be related to a number of factors, including incorrect 
technique of inhalation; inhalation from depleted canis- 
ters of medications, thinking that they still contain active 
drug; not taking preventive medications as prescribed; 
change in the child’s environment; or misdiagnosis. For 
example, children with aspirated foreign body, gastro- 
esophageal reflux disease, or psychogenic wheeze will have 
a poor response to asthma therapy. Infants with tracheo- 
malacia or bronchopulmonary dysplasia may even become 
much worse after inhaling a bronchodilator aerosol be¬ 
cause of increased dynamic airway collapse. 79,169 

Standard nebulizers and pMDIs have no intrinsic 
mechanism for tracking use or compliance. The pMDI also 
has no mechanism to track how many doses remain in the 
canister. If accurately completed, medication diaries can 
help to track medication use and the use of rescue medica¬ 
tions while monitoring prescription refill records. 

Several aerosol delivery devices entering the market can 
directly track use and monitor compliance. These devices 
range from electronic models integrated with the nebu- 
lizer that track number of breaths taken, size of breaths, 
and duration and frequency of treatment, to simple count- 
ing devices attached to the pMDI actuator boot. More so- 
phisticated devices allow monitoring of both pMDI use 
and expiratory maneuvers for later transmission to the 
care provider’s office. Some newer DPI devices contain a 
built-in counter that advances each time a dose is loaded. 
These devices also give a visual signal when only a 
few doses remain in the device. 

OTHER MEDICATIONS 
FOR AEROSOL DELIVERY 
Antibiotics 

Aerosol antibiotics can deliver high concentrations of antibi¬ 
otics to the airway with low systemic bioavailability, thus re- 
ducing toxicity. This approach is of particular importance in 
patients with cystic fibrosis (CF), who often require courses 
of antibiotic therapy. 170 In a phase 3 registration study, 
468 patients with CF were enrolled in a 6-month masked, 
placebo-controlled trial of preservative-free, nonpyrogenic 
tobramycin solution for inhalation (TOBI; Novartis, Em- 
eryville, CA), alternating between 4-week courses of tobra¬ 
mycin and placebo. During treatment the patients received 


300 mg of tobramycin in 5 ml of quarter-strength saline. The 
FEVi increased by more than 10% by the end of 6 months, 
with patients receiving tobramycin 26% less likely to be 
hospitalized and 36% less likely to require intravenous anti- 
pseudomonal antibiotics and a greater than 1 O-fold reduc- 
tion in sputum bacterial density. 171 Follow-up studies in CF 
and non-CF bronchiectasis have generally been consistent 
with these earlier results. 1 2 

Other antibiotics are being prepared for aerosol delivery 
including colistin, gentamicin, ciprofloxacin, and aztreo- 
nam. As this chapter is being prepared, the latter has com¬ 
pleted phase 3 trials in CF by Gilead Sciences (Foster 
City, CA) using a novel vibrating mesh aerosol delivery 
device (eFlow; PARI Pharma, Midlothian, VA). Although 
aerosolized antibiotics may find a role in the therapy of 
patients with severe bronchopulmonary dysplasia or those 
with chronic tracheostomies, the emergence of bacterial 
resistance to these antibiotics is a real risk and must be 
closely monitored. 1 3 

Mucoactive Agents 

Sputum is expectorated mucus mixed with inflammatory 
cells, cellular debris, polymers of DNA and F-actin, as well 
as bacteria. Mucus is usually cleared by airflow and ciliary 
movement, and sputum is cleared by cough. 174 Dornase 
alfa (Pulmozyme; Genentech, South San Francisco, CA) 
was the first approved mucoactive agent for the treatment 
of CF. 9 Dornase alfa is safe and effective, even in patients 
with more severe pulmonary disease, defined as a forced 
vital capacity less than 40% of the predicted value. 1 Effi- 
cacy has not yet been demonstrated for the therapy of 
acute exacerbations of CF lung disease or for the treatment 
of other chronic airway diseases. 176 A small phase 1 study 
in non-CF bronchiectasis demonstrated no efficacy in 
non-CF bronchiectasis, and there was a suggestion that 
the use of dornase worsened disease in this adult popula¬ 
tion. 1 This may be due to the faet that secretions in bron¬ 
chiectasis and chronic obstructive pulmonary disease are 
composed primarily of muein and related proteins, thus 
constituting true mueous hypersecretion, 178 whereas in 
the CF airway there is significantly decreased muein and 
mucus, the CF secretions being almost entirely neutrophil- 
derived pus. 1 9 

Other mucoactive agents under development include 
mucolytics such as Nacystelyn (IV-acetylcysteinate lysine ), 180 
thymosin (34, and low-molecular-weight dextran 181 ; mueo- 
kinetic agents such as surfactant; and P2Y2 chloride 
channel activators. 182 The use of hyperosmolar saline or 
mannitol to improve secretion clearance in CF is discussed 
in a following section (see Hyperosmolar Aerosols). 

Surfactant 

There is profound loss of surfactant in the inflamed air¬ 
way with bronchitis or cystic fibrosis. 183 Randomized, 
masked, placebo-controlled studies demonstrate that 
surfactant aerosol improves pulmonary funetion and 
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sputum transportability in patients with chronic bron- 
chitis and that this effect is dose dependent with no sig- 
nificant side effects. 184 As a wetting and spreading agent, 
the surfactant also has the ability to increase the lower 
airway deposition of other aerosol medications, such as 
dornase alfa or gene therapy vectors, and may increase 
small particle translocation through the mucous layer. 21 

Hyperosmolar Aerosols 

For many years, sputum induction by hyperosmolar saline 
inhalation has been used to obtain specimens for the diag- 
nosis of pneumonia. In a pilot study, 58 patients with 
CF were randomly assigned to receive 10 ml of either 
0.9% normal saline or 6% hypertonic saline twice daily by 
ultrasonic nebulization. 185 Spirometry was measured for 
2 weeks during therapy and for 2 weeks after therapy. At 
2 weeks there was a significant increase in the FE Vi in 
the hypertonic saline group, with a return to baseline by 
28 days. Despite pretreatment with 600 pg of inhaled 
albuterol, several patients had an acute decrease in FEVi 
after inhaling hypertonic saline. Similarly, hyperosmolar 
dry powder mannitol improves quality of life and pulmo- 
nary function in adult subjects with non-CF bronchiecta- 
sis and significantly improves the surface adhesivity and 
cough clearability of expectorated sputum. 186 

Subsequent studies, as reviewed in the Cochrane Database 
of Systematic Reviews, tend to confirm that the long-term 
use of inhaled hyperosmolar saline improves pulmonary 
function in patients with CF187 and that inhaled hyperos¬ 
molar saline or mannitol is beneficial in non-CF bronchi- 
ectasis. 188 Although this therapy is readily available and 
inexpensive, it has been reported that hypertonic saline 
aerosol is not as effective as dornase alfa in the therapy of 
CF lung disease. 189 

Gene Transfer Therapy 

Gene transfer therapy represents a novel use for aerosols. Ef- 
forts in this arena have centered largely on complementary 
(copy) DNA transfer of the normal CF transmembrane regu¬ 
lator (CFTR) gene to patients with CF. Gene transfer was 
first attempted by inserting the normal CFTR gene into a 
replication-defective adenovirus vector with bolus broncho- 
scopic delivery of the vector. An unanticipated host immune 
response to the vector led to reevaluation of this strategy. 190 

For gene transfer to be effective, the vector and its pack- 
age must be nonimmunogenic, stable to shear forces dur¬ 
ing aerosolization, and safe to transfected cells. The vector 
should not increase cell turnover. It should either stably 
integrate into the progenitor (basal) cell genome or be safe 
and effective with repeated administration and should 
be able to reach the cellular target of relevance. Part of the 
difficulty with CF is that this cellular target has not been 
clearly identified as epithelial cell, gobiet cell, submucous 
giand, or all of these. The amount of gene and vector and 
persistence in the airway must also be determined for each 
vector and delivery system. 1 ' 1 


Viral vectors that have been studied include adenovirus, 
adeno-associated virus, and lentivirus. Adenovirus natu¬ 
rally targets the airway epithelium. Adeno-associated virus 
is a small organism that requires a “helper” virus to repli- 
cate. These viruses are capable of site-directed insertion 
into DNA, reducing the risk of insertional mutagenesis 
(initiating cancer by activation of an oncogene or inactiva- 
tion of an oncogene suppressor). Gene therapy with ad¬ 
eno-associated virus appears to be especially promising. 192 
Lentiviruses are retroviruses such as human immunodefi- 
ciency virus. They are able to transfect cells that are not 
terminally differentiated, such as the basal or airway pro¬ 
genitor cell, but insertional mutagenesis is a substantial 
risk. 

The primary nonviral vectors studied to date have been 
cationic liposomes. These lipid capsules are able to form 
complexes with DNA and then enter cells. With the first 
generation of liposome vectors, the efficiency of gene 
transfer was poor; however, this has improved dramatically 
with newer systems. 193 The development of this technol- 
ogy will result in revolutionary aerosol generators. 194 

Aerosols for Systemic Administration 

Aerosols can be targeted to different sites in the airway. 
Depending on the intrapulmonary behavior of each mol- 
ecule, the aerosol mode of administration allows airway/ 
secretion delivery, cellular delivery, or systemic delivery. 
Most medications are targeted to the airway epithelium, 
including the neuromuscular plexus (bronchodilators) 
and inflammatory cells (corticosteroids). Epithelial agents 
such as the P2Y2 ion channel activators are targeted di- 
rectly to the ciliated epithelium. Mucolytics, proteases, and 
antibiotics are targeted to secretions in the airway rather 
than to the epithelial cells. 

Small particles targeted to the alveolus can be effective 
for systemic delivery of macromolecules through the ex- 
tensive pulmonary vascular bed. Insulin is likely to be the 
first such medication introduced for systemic administra¬ 
tion through aerosol administration, but other peptides 
and macromolecules are under development. Consider- 
ations for systemic administration include cost, conve- 
nience, efficacy, and safety. The pulmonary behavior of an 
inhaled molecule is not predictable and must be studied 
individually. 195 

Insulin 

Insulin was one of the first medications to be administered 
by aerosol. Because of the nebulizer and insulin formula- 
tion available at that time, absorption and efficacy were 
highly unpredictable. This has changed dramatically with 
the development of ultrafine particles and aerosol devices 
that can efficiently and reliably target the alveolar space. 

With a rapid and smooth onset of action and elimina¬ 
tion of the necessity for injections with their attendant 
risks and discomfort, inhaled insulin has great potential 
for clinical use. Intrapulmonary insulin administration to 
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healthy subjects can induce significant hypoglycemia and 
a clinically relevant increase in serum insulin concentra- 
tions. 196 Once plasma glucose levels are normalized, post- 
prandial glucose levels can be maintained below diabetic 
levels by delivering insulin into the lungs 5 minutes before 
ingestion of a meal. 197,198 

Studies have confirmed that inhaled insulin is safe and 
effective for the therapy of type 2 diabetes even when this 
is not controlled by diet 199,200 and that the addition of in¬ 
haled insulin or oral therapy with hypoglycemic agents 
improves glycemic control. 201 

With the success of inhaled insulin demonstrating the 
safe and effective systemic administration of complex pep¬ 
tides via the pulmonary bed, it is highly probable that we 
will see the development of other aerosol therapies that 
could revolutionize helds as diverse as endocrinology, crit- 
ical care, immunology, and genetics. 202,203 Because the 
respiratory therapist will be at the front line for teaching 
and administering these novel therapies, this will greatly 
expand the role of the respiratory therapist in the future. 

The use of therapeutic aerosol medications is evolving 
from a basis of optimizing the delivery of asthma medica¬ 
tions to the airway to understanding how the extensive 
pulmonary vascular bed can be used for the systemic ad¬ 
ministration of a variety of macromolecules. Evolving and 
novel uses of therapeutic aerosols will require an under¬ 
standing of aerosol generation, deposition, and transloca¬ 
tion, as well as target organ physiology and pharmacology. 

( KEY POINTS 

• Infants are obligate nose breathers up to 6 to 9 months. 

• With growth, lung volumes increase, airways get larger, 
and respiratory rates decrease. 

• Smaller airways filter out more aerosol, reducing lung 
doses compared with larger children and adults. 

• From ages 3 to 13, pulmonary deposition increases 
but dose per kilogram is similar. 

• Nebulizers vary in method of operation and delivered 
dose. 

• Breath-actuated nebulizers can increase inhaled dose 
and dosing time by threefold compared with continuous 
nebulizers. 

• Infants and toddlers may not be able to breath-actuate 
nebulizers. 

• Jet and ultrasonic nebulizers have residual medication 
volumes of 0.5 to 1.4 ml. 

• Nebulizers with medication cups that directly connect to 
vent circuit or mouthpiece are prone to contamination 
from drool and contaminated condensate. 

• DPIs typically require high sustained inspiratory flows to 
disaggregate drug and may not be suitable for children 
younger than 5 years of age. 

• No aerosol devices were specifically designed for infants 
and toddlers. 


• DPI and pMDI alone are not suitable for children 
younger than 4 to 5 years. 

• pMDI with VHC and nebulizers (continuous) are 
suitable for children younger than 4 years. 

• Interface of aerosol device to patient is critical. 

• Mask must be tightly fitted for optimal delivery with 
jet or pMDI. 

• Blow-by has not been shown to be effective. 

• Mask with jet nebulizer more than 2 cm from an in- 
fant’s face is not effective. 

• Agitated and crying infants do not receive much if 
any aerosol to lung. 

• Nasal delivery of aerosol via high-flow nasal cannula 
may be a solution. 

• As flow decreases, aerosol delivery increases in infants 
and small children. 

• Heliox appears to improve aerosol delivery when 
inspiratory flow rates are higher. 

• Very few inhaled medications have been approved 
based on studies in infants and small children, making 
administration to this population “off label.” 

• Caution should be exercised during administration of 
any aerosol to neonates and infants. 

• New and developing medications are showing great 
promise for use with children. 


ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. Which of the following is true when a standard unit 
dose is nebulized to patients of different sizes and ages? 

A. Smaller percentage of dose is delivered to bigger 
patients 

B. Larger percentage of dose is delivered to smaller 
patients 

C. Similar inhaled dose per kilogram of body weight 

D. S imilar total inhaled dose 

E. No dose is delivered to infants 

2. In infants between 1 and 4 kg, deposition of aerosol 
with a pMDI or jet nebulizer is: 

A. Similar whether intubated and mechanically 
ventilated or spontaneously breathing with a 
normal airway 

B. Less than 1% in all cases 

C. Slightly greater with a pMDI than with a jet nebulizer 

D. All of the above 

E. None of the above 

3. What should the operator do when operating a jet 
nebulizer with a mixture of helium-oxygen? 

A. Provide the same total flow of gas to the nebulizer 
as with air or oxygen. 

B. Increase the flow of gas to the nebulizer by 2- or 
3-fold. 

C. Reduce the flow of gas to the nebulizer by one half. 

D. Never use heliox to drive a nebulizer. 

E. Never use an air or oxygen flow meter. 
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4. Which of the following statements is true about the 
SPAG aerosol generator? 

A. It maltes very small particles. 

B. It uses a secondary chamber to dry particles. 

C. It is used to administer ribavirin. 

D. It is often used with double containment 
systems. 

E. All of the above. 

5. What is the most reliable way to determine how 
many actuations are left in a pMDI? 

A. Float the canister in water. 

B. Count the number of doses used. 

C. Actuate until it is empty. 

D. Use it for only 1 month. 

E. All of the above. 

6. What limits use of DPIs for children less than 5 years 
of age? 

A. They are not big enough to generate sufficient 
inspiratory flow. 

B. They cannot use a mouthpiece. 

C. DPIs malte them cough. 

D. They cannot coordinate actuation with 
inspiration. 

E. None of the above. 

7. Which of the following statements is/are true 
about a large proportion of patients and their 
caregivers? 

A. They do not Itnow how to properly use a DPI. 

B. They do not Itnow how to properly use a pMDI. 

C. They do not Itnow how to properly clean and 
assemble a nebulizer. 

D. They misuse their inhaler to the point of not 
benefiting from their medication. 

E. All of the above. 

8. During bronchodilator administration in severe 
airway obstruction: 

A. An increased dose may be more effective than 
increased frequency. 

B. Undiluted bronchodilator may be substituted 
for diluted bronchodilator. 

C. Continuous nebulization may work better than 
intermittent nebulizations. 

D. Patients who do not respond to initial high 
doses are more often admitted to hospital. 

E. All of the above. 

9. What is the most practical way to improve aerosol 
deposition during mechanical ventilation? 

A. Use a nebulizer with a small particle size. 

B. Use a ramp versus square-wave pattern. 

C. Minimize inspiratory flow rates. 

D. Use a pMDI instead ofa nebulizer. 

E. All of the above. 

10. Which drug was one of the first to be administered 
by aerosol? 

A. Mucolytics 

B. Antibiotics 

C. Gene therapy 

D. Surfactant 

E. Insulin 
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LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 


1. Explain the indications and risks of airway clearance 

3. Understand how to avoid complications associated 

techniques 

with airway clearance techniques 

2. Apply the various techniques of airway clearance 

4. Understand the role of hyperinflation therapy and its 


relationship to proper airway clearance 
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Traditional airway clearance techniques (ACT) are de¬ 
signed to remove secretions from the lungs and include 
postural drainage, percussion, chest wall vibration, and 
coughing. Newer techniques considered part of ACT are 
maneuvers to improve the efficacy of cough, such as the 
following: 

• The forced expiration technique (FET) 

Positive expiratory pressure (PEP) therapy 

High-frequency chest compression (HFCC) 
Insufflator-exsufflator (e.g., Cough Assist) 
Fligh-frequency chest wall oscillation with Cough 
Assist 

Intrapulmonary percussive ventilation 

Specialized breathing techniques, such as autogenic 

drainage (AD) 

Because all these techniques share the same goal— 
removal of bronchial secretions—the term bronchial drain¬ 
age is often employed to describe them collectively. This 
term may be preferable to ACT because it highlights the 
aims, rather than the means, of treatment. This chapter 
is devoted to describing and analyzing bronchial drain¬ 
age techniques and how they should be applied to the 
infant or pediatric patient with lung disease or respira- 
tory impairment. 


HISTORY AND CURRENT STATUS 
OF AIRWAY CLEARANCE 
TECHNIQUES 

Postural drainage was used as early as 1901 in the treat¬ 
ment of bronchiectasis. 1 In the 1960s and 1970s we saw an 
increase in the use of ACT. 2 It was introduced in many U.S. 
hospitals concurrent with a wave of mounting criticism of 
intermittent positive-pressure breathing (IPPB) therapy. 
Many institutions found that the routine use of IPPB was 
replaced with the routine use of ACT. Beginning in the late 
1970s, experts in the field began to point to the lack of 
evidence to support the routine use of ACT in pulmonary 
disorders such as pneumonia and chronic bronchitisd 
However, despite a steady stream of criticism, the use 
of ACT appears to have increased dramaticallyT 12 The 
clinician must evaluate the possible usefulness of airway 
clearance in the face of low-level evidence and intervene 
only when the benefit clearly outweighs the risk. 

Traditional airway maintenance, airway clearance ther¬ 
apy, and principles of their application are similar for 
neonates, children, and adults. In the pediatric patient, 
distinet differences in physiology and pathology limit the 
application of adult derived airway clearance and mainte¬ 
nance modalities. One of the major obstacles in device 
research, particularly airway clearance or maintenance 
modality, is proper blinding and equipoise. 

The lack of scientific rigor, among other issues, has 
led to a deficiency of high-level evidence. Yet airway 
maintenance and clearance therapy take a great deal of the 
clinician’s time. Many clinicians feel that if the patient is 


producing secretions, we should do something about it. 
Although most studies have focused on the primary out- 
come of sputum production, it is not clear whether or not 
sputum volume is an appropriate indication or outeome 
of airway clearance. There is a perception that airway clear¬ 
ance may not help, but it won’t hurt either. This attitude 
can lead to inappropriate orders and inadvertent compli- 
cations. Many airway clearance techniques are not benign, 
particularly if they are not used as intended. 

Physiological and Pathophysiological 

Considerations 

Airway Clearance Mechanisms 

Ciliary movement and cough are the two primary airway 
clearance mechanisms. Expulsion of mueus requires tur¬ 
bulent flow from the peripheral airway toward the trachea. 
The airway undergoes compression that creates moving 
choke points or stenosis that catch mueus and facilitate 
expiratory airflow propelling the mueus downstream 13 
(Figure 12-1). This mechanism requires narrowing of the 
airway, but complete obstruction will inhibit this transfer. 
Children, particularly infants, are prone to complete 
airway obstruction that can lead to atelectasis and the 
elimination of expiratory flow. This result is particularly 
true in the heterotaxy population. 

Infants and children have high chest wall compliance 
because they have less musculature, ossification, and stiff- 
ness of their rib cage than adults. 14 They also have a lower 
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FIGURE 12-1 Compression of the airways creates moving 
choke points or stenosis that facilitate mueus expulsion. Narrow¬ 
ing of the airway is required, but complete obstruction will inhibit 
this transfer. 
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pulmonary compliance and greater elasticity than adults, 
leading to a lower functional residual capacity (FRC) com- 
pared with their total lung capacity, which promotes pre- 
mature airway closure. 1 The bronchus will collapse as 
pleural pressure exceeds intralumen airway pressure. This 
collapse is avoided by opposing forces that make up the 
rigidity of the airway structure, specifically smooth muscle 
in the peripheral airways and cartilage in the central air- 
ways. In infants, especially premature infants, the airway 
cartilage is less developed and more compliant than that of 
older children and adults. 16 This increased yielding leads 
to greater airway collapse at lower changes in pleural and 
airway pressure. Common neonatal disease States reduce 
pulmonary compliance and produce bronchial wall edema, 
enhancing the risk of airway collapse. The clinical picture 
of airway collapse often prompts ACT or bronchodilator 
orders. This airway collapse can be further exaggerated 
when chest percussion is performed or bronchodilators 
administered. Bronchodilators cause a decrease in smooth 
muscle tone, leading to increased collapsibility. This is why 
continuous positive airway pressure (CPAP) or PEP can be 
therapeutic in patients with airway collapse, because it 
tends to improve their FRC and establishes a fundamental 
airway clearance mechanism of producing air behind the 
secretions. Efforts to increase FRC can be valuable tools in 
your airway clearance arsenal. 

Airway resistance is disproportionately high in children 
at baseline. Small changes in airway diameter such as 
caused by edema, secretions, a foreign body, or inflamma¬ 
tion can lead to drastic changes in resistance. This decrease 
in airflow limits the child’s ability to expel secretions and 
may contribute to the work of breathing. Furthermore, the 
upper airway, particularly the nose, can contribute up to 
50% of the airway resistance, which is only compounded by 
nasal congestion. 1 

Interalveolar pores of Kohn and bronchiolar-alveolar 
canals of Lambert are compensatory mechanisms that con¬ 
tribute to the aeration of gas exchange units distal to ob- 
structed airways in older children and adults (Figure 12-2). 

Obstructing mucus 



FIGURE 12-2 The location of collateral airways such as the inter¬ 
alveolar pores of Kohn and bronchiolar-alveolar canals of Lambert. 


Yet these are missing in infants, in whom these collaterals 
are not well developed. This can hinder airway clearance 
and lead to large areas of atelectasis. 

Traditional Airway Clearance 
Therapy Techniques 

Traditional ACT has four components: (1) postural drain- 
age, (2) percussion, (3) vibration of the chest wall, and 
(4) coughing. 

Postural Drainage 

Postural drainage attempts to use gravity to move secre¬ 
tions from peripheral airways to the larger bronchi, from 
which they are more easily expectorated. The patient is 
placed in various positions, each designed to drain specific 
segments of the lung, and may be supported by rolied tow- 
els, blankets, or pillows. Figures 12-3 and 12-4 illustrate 
postural drainage positions used in infants and children. 13 
Other versions incorporating minor variations have also 
been published. 2,19,20 Postural drainage can be performed 
with or without percussion or vibration. When accompa- 
nied by percussion or vibration, each position is main- 
tained for 1 to 5 minutes, depending on the severity of 
the patient’s condition. When percussion or vibration is 
omitted, longer periods of simple postural drainage can be 
performed. 

Percussion 

Percussion is believed to loosen secretions from the 
bronchial walls. While the patient is in the various pos¬ 
tural drainage positions, the clinician percusses the 
chest wall, using a cupped hånd (see Figure 12-5). The 
areas to be percussed are illustrated in Figures 12-3 and 
12-4. Clinicians should not percuss over bony promi- 
nences; over the spine, sternum, abdomen, last few ribs, 
sutured areas, drainage tubes, kidneys, or liver; or below 
the rib cage. The ideal frequency of percussion is un- 
known; however, some reports recommend a frequency 
of 5 to 6 Hz (300-360 blows per minute), whereas others 
recommend slow, rhythmic clapping. 19,21 Several devices 
can be used for percussion, including soft face masks as 
well as those commercially designed, such as “pahn 
cups” and mechanical percussors (Figure 12-6). Infants 
and children may have percussion performed in the lap 
of the clinician. However, if the patient is mechanically 
ventilated or has multiple tubes and intravenous lines in 
place, it may be preferable to perform therapy with the 
patient in the bed. Catheters, tubes, and indwelling lines 
are easily dislodged in infants and young children, and 
appropriate care must be taken. 

Postural Drainage and Percussion 

Many investigations have been conducted to determine 
the relative importance of percussion, vibration, and 
postural drainage. In a study designed to determine the 
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FIGURE 12-3 Postural drainage positions for infants and younger children. A, Apical segment of 
the right upper lobe and apical subsegment of the apical-posterior segment of the left upper lobe. 
B, Posterior segment of the right upper lobe and posterior subsegment of the apical-posterior segment 
of the left upper lobe. C, Anterior segments of right and left upper lobes. D, Superior segments of both 
lower lobes. E, Posterior basal segments of both lower lobes. Postural drainage positions for infants. 
F, Lateral basal segment of the right lower lobe. Lateral basal segment of the left lower lobe is drained 
in a similar fashion but with the right side down. G, Anterior basal segment of the right lower lobe. 
The segments on the left side are drained in a similar fashion but with the right side down. H, Right 
middle lobe. I, Left lingular segment of lower lobe. 


contribution of these maneuvers to clearance of mucus, 
there was no demonstration of improvement in clearance 
of mucus from the lung when percussion, vibration, or 
breathing exercises were added to postural drainage. 22 
These investigators also showed that FET was superior 
to simple coughing and when combined with postural 
drainage was the most effective form of treatment. 22 Other 
studies 24 ' 26 have reported the following: 

1. Percussion without postural drainage or cough pro- 
duced minimal change in the clearance of mucus. 


2. When compared with simple postural drainage, chest 
percussion actually reduced the amount of sputum 
mobilized. 

3. Manual self-percussion did not increase the amount of 
sputum expectorated compared with simple postural 
drainage in a group of patients with cystic fibrosis (CF). 

Vibration of the Chest Wall 

Vibrations represent an additional method of transmitting 

energy through the chest wall to loosen or move bronchial 
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FIGURE 12-4 Postural drainage positions for the child or adult. The model ofthe tracheobronchial tree 
next to or above the child illustrates the segmental bronchi being drained. The shaded area on the child’s 
chest illustrates the area to be percussed or vibrated. A, Apical segment of right upper lobe and apical 
subsegment of apical-posterior segment of left upper lobe (area between the clavicle and top of the 
scapula). B, Posterior segment of right upper lobe and posterior subsegment of apical-posterior segment 
of left upper lobe (area over the upper back). Postural drainage positions for the child or adult. The model 
ofthe tracheobronchial tree next to or above the child illustrates the segmental bronchi being drained. The 
stippled area on the child’s chest illustrates the area to be percussed or vibrated. C, Anterior segments of 
right and left upper lobes (area between clavicle and nipple). D, Superior segments of both lower lobes (area 
over middle of back at tip of scapula, beside spine). E, Posterior basal segments of both lower lobes (area 
over lower rib cage, beside spine). F, Lateral basal segment of right lower lobe. Segment on left is drained 
in a similar fashion but with the right side down (area over middle portion of rib cage). G, Anterior basal 
segment of left lower lobe. Segment on right is drained in a similar fashion but with the left side down (area 
over lower ribs, belowthe armpit). H, Right middle lobe (area over right nipple; below breast in developing 
females). I, Left lingular segment of lower lobe (area over left nipple; below breast in developing females). 
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FIGURE 12-5 A, Cupped h and position for percussion. 
B, Device for infant percussion. From Hockenberry M, Wilson D: 
Wong’s nursing care of infants and children, ed 9, St. Louis: Mosby, 
2011 . 


FIGURE 12-6 Percussion being performed on a child with a 
pneumatic percussor. 

secretions. Unlike in percussion, the clinician’s hånd does 
not lose contact with the chest wall during the procedure. 
Vibrations are performed by placing both hånds (one over 
the other) over the area to be vibrated and tensing and 
contracting the shoulder and arm muscles while the pa¬ 
tient exhales. To prolong exhalation, the patient may be 
asked to breathe through pursed lips or make a “hissing” 
sound. As with percussion, the ideal frequency is un- 
known, although some recommend 10 to 15 Hz. It is 
unclear how well clinicians are able to perform vibrations 
at this frequency. Several mechanical vibrators are com- 
mercially available. Some models of mechanical percussors 
or vibrators are appropriate only for the newborn or pre- 
mature infant, whereas other models are appropriate 
for the larger child. When evaluating such devices, the 
clinician should consider whether the appearance and 
sound of the device will be frightening and whether the 
amount of force is appropriate for the size of the patient. 


All percussion and vibration devices should be cleaned af- 
ter each use and between patients. 

AIRWAY CLEARANCE THERAPY 

Collapse of the right upper lobe after extubation is a com- 
mon complication in the premature infant, and routine 
treatment of premature infants after extubation is com- 
mon. 28,29 However, most treatments are not required 
because little respiratory compromise is seen with a single- 
lobe collapse. Treatment may be given to the right upper 
lobe only and need not be prolonged, nor does it require 
the routine use of percussion. A treatment length of 
5 minutes is sufficient, and vibration is applied to the right 
upper lobe in one of the three standard drainage positions 
every 4 to 6 hours for 24 to 48 hours. 29 The most beneficial 
treatment is likely frequent position changes and weaning 
of sedatives that return the patient’s natural sigh, move- 
ment, and cough. 

Patients with esophageal atresia and tracheoesophageal 
fistula often require assistance in mobilizing thick secre¬ 
tions. Aspiration of oropharyngeal secretions, leading to 
atelectasis or pneumonia, is common. If surgical repair has 
been performed, deep endotracheal suctioning (beyond 
the tip of the endotracheal tube) is contraindicated be¬ 
cause the suction catheter may reopen the closed fistula. 
Likewise, nonintubated patients should rarely have the 
catheter advanced more than 7 cm because this makes 
removal of secretions more difficult. On occasion, tracheal 
suction under direct vision with a laryngoscope is neces- 
sary. If the fistula has been closed, Trendelenburg (head- 
down) positioning may be used. This is especially helpful 
if the patient has difficulty clearing oral secretions by swal- 
lowing. These patients should not be routinely placed flat 
on their backs because this promotes aspiration of oral 
secretions. Given that a thoracotomy has been performed 
to repair the defect, use of a small mechanical vibrator may 
be preferable to chest percussion. 

The clinician must be careful to avoid excessive move- 
ment (extension or extreme turning) while treating the 
infant. Esophageal atresia is repaired by performing an 
anastomosis of the distal and proximal esophagus. Exces¬ 
sive head movement may result in its disruption. Many 
other patients often require ACT in the neonatal intensive 
care unit. Usually, such patients have been intubated for 
some time and have responded to prolonged intubation 
with excessive production of secretions. 

Behavioral Issues 

When missing the key component of cooperation, airway 
clearance becomes much more difficult. The potential for 
harm during airway clearance modalities increases as 
transpulmonary pressure swings increase. 11 When forceful 
crying occurs during airway clearance, these swings create 
an environment suitable for lung damage. All efforts to 
decrease crying, such as facilitated tucking or modified 
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ACT, should be incorporated. In modalides that adminis- 
ter pressure to aid airway clearance, less pressure should be 
administered to a noncooperative child. For older patients, 
a multidisciplinary approach can increase airway clearance 
quantity and quality by 50%. 3I! This approach, utilized by 
Ernst et al., involves allowing for patient selection of 
airway clearance protocol, creating a reward system for the 
patient, and scheduling priority given to airway clear¬ 
ance. 30 When performing ACT on young children, the 
clinician must make a special effort to secure the patient’s 
confidence and cooperation. Spending a few moments to 
gain the child’s confidence is well worth the effort. Assign- 
ing the same clinician to treat the child as often as is prac¬ 
tical may be useful in establishing a rapport. Likewise, 
allowing the child as much control over the situation as 
possible, such as deciding which lobes will be treated first, 
may increase the child’s sense of control and reduce hospi- 
talization-related anxiety. Having a parent available during 
therapy, especially when the child is unfamiliar with ACT, 
is useful as well. 

ACT may be extremely uncomfortable for the postop¬ 
erative patient, and routine use of ACT in these patients 
may actually promote atelectasis. Some patients, however, 
suffer from excessive secretions or mucous plugging and 
atelectasis. Performing ACT in these patients can be diffi- 
cult. Adequate analgesia is essential, and attempts should 
be made to Schedule ACT shortly after pain medication is 
administered. Coughing is also a considerable source of 
discomfort in pediatric patients postoperatively. Cough 
efficacy can be improved if the patient is taught to splint 
the wounds when coughing. Holding a pillow over the 
incision may also be useful in minimizing movement of 
the incision when coughing. 

ADVERSE CONSEQUENCES 

Several conditions common to the full-term or preterm 
newborn suggest that these infants may be at risk for in- 
creased complications from ACT; therefore, modification 
of routine ACT procedures is advisable. Because the new¬ 
born has high chest wall compliance, the loss of lung 
volume caused by chest wall compression (e.g., from per- 
cussion) may be greater in the infant than in the adult. 31 
For this reason, some institutions routinely omit chest 
wall percussion in neonatal ACT treatments, opting in- 
stead for the use of small vibrators. Because an infant’s 
chest wall is not as thick as an adult’s and the infant’s ribs 
are more cartilaginous, a gentier touch is required during 
therapy. 32 Hypoxemia has been reported after ACT in the 
newborn. 33 " 36 Handling infants, for whatever reason, often 
results in hypoxemia. It is therefore essential that oxygen- 
ation be monitored during ACT in infants. 

Routine application of ACT in the preterm infant has 
been associated with an increased risk of intraventricular 
hemorrhage (IVH). 3 The preterm infant is unable to ade- 
quately regulate cerebral biood flow, and changes in biood 


pressure often lead to increased intracranial pressure and 
volume, with rupture of immature biood vessels. Tren- 
delenburg positioning and chest wall percussion would 
seem likely to increase cerebral biood flow and to reduce 
venous return, further increasing the risk of IVH. There¬ 
fore these procedures should be used sparingly, if at all, in 
infants at risk. If possible, ACT should be withheld from 
infants at high risk for IVH (i.e., very premature infants in 
the first few days of life). 

Critically ill newborns are unable to adequately main- 
tain body temperature and are therefore routinely placed 
in incubators or under radiant warmers. Caregiver inter¬ 
ventions of any kind, including ACT, interfere with 
maintaining temperature stability, especially for infants 
in closed incubators. Treatment time with these patients 
should be kept to a minimum, usually between 5 and 
10 minutes. If a patient is in a temperature-regulated 
environment, special attention must be given to prevent- 
ing heat loss during therapy. 

The trachea and bronchi of the newborn appear espe¬ 
cially vulnerable to damaging effects from endotracheal 
tubes and suction catheters. Consequences of deep endo¬ 
tracheal suctioning include the development of bronchial 
stenosis and granulomas. Avoiding deep endotracheal suc¬ 
tioning minimizes risks. 38 Therefore, when suctioning in- 
tubated infants after ACT, the suction catheter should not 
be routinely advanced beyond the end of the endotracheal 
tube. If there is evidence of persistent secretion retention 
despite adequate suction of the endotracheal tube, the 
suction catheter can be carefully and slowly advanced 1 or 
2 cm beyond the tip of the endotracheal tube. 

Many infants in the neonatal intensive care unit are 
sensitive to handling. This is especially true of the preterm 
infant as well as the full-term infant with pulmonary hy¬ 
pertension, who may develop hypoxemia or bradycardia in 
response to excessive stimulation. Many clinicians believe 
that clustering as many caregiver interventions as possible 
can minimize the adverse consequences of handling, 
thereby leaving the infant undisturbed for longer periods. 
Minimizing excessive light and sound associated with 
therapy is also desirable. 

Cough 

All ACT sessions should end with a period of deep 
breathing and coughing. Patients with minimal lung 
disease should be able to clear the lungs after one or two 
attempts. Those with severe lung disease or neuromuscu- 
lar weakness may need more prolonged coughing periods 
or coughing assistance (e.g., tussive squeezes, insufflator- 
exsufflator, abdominal compression). Prolonged periods 
of unproductive coughing should be avoided because 
they may tire the patient. The clinician should emphasize 
effective, productive coughing. Infants may require naso- 
pharyngeal suction to stimulate a cough, whereas pa¬ 
tients with artificial airways may require endotracheal 
suctioning. 
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The following procedures are sometimes incorporated 
into ACT treatments, or used independently, with rhe aim 
of promoting bronchial drainage: (1) FET, (2) PEP therapy 
with Cough Assist, (3) AD, and (4) automatic high fre- 
quency chest wall compression (HFCWC)/high-frequency 
chest wall oscillation (HFCWO). 

Forced Expiration Technique 

FET is also known as “huff” coughing. This maneuver re- 
quires the patient to forcibly exhale, from middle to low 
lung volumes, with an open glottis. This is repeated 
several times, after which the patient coughs to remove any 
loosened mucus. 39 It requires extreme cooperation and 
cannot be performed on infants or young children. FET 
can be used alone or in conjunction with other forms of 
therapy. It is designed to prevent dynamic airway collapse 
by preventing the explosive pressure changes associated 
with coughing. 8,39 Studies have documented that patients 
with long-standing lung disorders characterized by de- 
struction or weakening of the bronchial wall, such as CF 
and bronchiectasis, have ineffective coughing secondary to 
dynamic airway compression while coughing. 40 The devel¬ 
opers of this technique now use the term active cycle of 
breathing to refer to FET. They emphasize the importance 
of interspersing “huff” coughs with periods of deep, re- 
laxed breathing. This helps prevent bronchospasm and 
ensures sufficient lung volume to promote an effective 
cough. 

Coughing and Forced Expiration 
Technique 

Over the years, a number of investigators have demon- 
strated that the single most important component of ACT 
is vigorous coughing. 4142 Simple postural drainage has 
been reported to improve secretion clearance, whereas the 
addition of percussion did not. 42 Several other studies in 
patients with CF and other chronic lung diseases likewise 
support the notion that vigorous coughing, especially 
when used in conjunction with FET, may be as effective as 
postural drainage and percussion. 43,44,46 

Many clinicians, however, are reluctant to abandon 
postural drainage, percussion, or vibration in favor of 
simple FET, especially in patients needing lifelong assis¬ 
tance with secretion removal, such as those with CF. A 
3-year prospective study in children with CF demon- 
strated that conventional ACT, performed twice a day, 
was more effective than FET used at the same frequency. 47 
Patients performing FET in this study had an average age 
of slightly younger than 12 years. In contrast, patients in 
studies that showed FET to be successful were older. 44,46 
This suggests that forms of self-care may be more effec¬ 
tive in adolescents than in younger children, who per¬ 
haps require more supervision. Likewise, comparison of 
studies on the efficacy of exercise as pulmonary therapy 
in CF suggests that self-therapy is more effective in older 
patients. 48,49 


Positive Expiratory Pressure 
Therapy 

PEP therapy uses an expiratory resistor, coupled with the 
patient’s active expiration, to generate positive airway pres¬ 
sure throughout expiration. This prevents dynamic airway 
collapse and improves clearance of mucus. 20 It is widely 
used in Europe, and increasingly in the United States, as 
an adjunct or substitute for conventional ACT in the treat¬ 
ment of CF or bronchiectasis, and to a lesser extent in 
postoperative patients. Various devices are available to 
serve as expiratory resistors: anything from simple high- 
resistance 2.5 endotracheal tube (ETT) adapters attached 
to a mask or mouthpiece, to a Flutter (Axcan Pharma, 
Mont-Saint-Hilaire, PQ, Canada), acapella (blue; Smiths 
Medical, Weston, MA), or Quake device (Thayer Medical, 
Tucson, AZ) that requires hånd motion and breathing co- 
ordination. PEP therapy is essentially the same as the 
“blow bottles” that have been used to prevent postopera¬ 
tive atelectasis. 21 Both PEP therapy and FET are advocated 
as forms of simple self-treatment for patients with CF. 
PEP therapy is better tolerated by children than conven¬ 
tional IPPB. 

Cough Assist 

The insufflator-exsufflator, or Cough Assist, has shown to 
be beneficial in patients with neuromuscular weakness by 
simply supporting their cough effort. This blower-driven 
device provides positive airflow and pressure to increase 
their FRC and allow air distal to the mucus. The increase 
in FRC allows their weak muscles the best advantage pos- 
sible to create a cough. Then it creates a negative flow and 
pressure to help simulate a cough. 22 Streigl et al. demon- 
strated in an infant lung model with a tracheostomy tube 
that insufflation time of 1 second or more is required 
for the insufflattor-exsufflator to achieve equilibration of 
alveolar pressure to insufflation pressure. They also discov¬ 
ered that longer exsufflation time does not significantly 
alter maximum expiratory flowrate. 22 Vienello et al. 53 
showed that the insufflator-exsufflator in conjunction 
with traditional chest physiotherapy therapy (CPT) may 
improve the management of airway secretions. 

Manual Rib Cage Compression. Manual rib cage 
compression (MRCC), or tussive squeezes as some may call 
them, can be used to increase the expiratory flow rate and 
facilitate the expectoration of mucus. Although most 
studies have not shown a benefit, 54 ' 57 a recent publication 
has brought to light that the procedure may be to blame. 58 
In order for MRCC to be effect, the expiratory flow 
rates generated must be higher than inspiratory flow rates. 
Daniel Marti and colleagues 28 were able to demonstrate in 
animals that hard and brief MRCC synchronized with 
early expiratory phase was superior to soft and gradual 
rib cage compression applied late in the expiratory phase. 
If the goal is to mimic a cough for those who cannot cough 
for themselves, it must be similar. Coughs are violent 
bursts of flow that exceed inspiratory flow rates and are 
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FIGURE 12-7 G raphic illustration of the depth of successive breaths by lung volumes, using the auto- 
genic drainage technique. ERV, Expiratory reserve volume; HUFF, huff maneuver; PRED, predicted; RV, 
residual volume; TV, tidal volume. 


extremely effective in the strong patient. The MRCC must 
be similar in order to be effective. 

Autogenic Drainage 

AD is a series of breathing exercises designed to mobilize 
secretions in patients with bronchiectasis or CF. 59 ' 61 To 
loosen secretions from the smallest airways, the patient be- 
gins breathing in a slow, controlled manner, first at the 
expiratory reserve volume level. The volume of ventilation is 
then increased, with the patient breathing in the normal 
tidal volume range but exhaling approximately halfway into 
the expiratory reserve volume. This moves secretions from 
the peripheral to the middle airways. Finally, the depth of 
inspiration is increased, with the patient inhaling maxi- 
mally to total lung capacity and exhaling as before about 
halfway into the expiratory reserve volume. Figure 12-7 
graphically illustrates the autogenic drainage technique. 
Advocates of AD claim that its simplicity (no devices or 
clinicians are needed) and efficacy make it an ideal form of 
self-treatment for patients with CF. 

Positive Expiratory Pressure 
Therapy and Autogenic Drainage 

PEP therapy and AD have been shown to be highly effec¬ 
tive. PEP therapy, especially, has been shown by a number 
of researchers to be beneficial in mobilizing secretions and 
preserving pulmonary function in patients with CF, and 
with FET it was marginally superior to simple FET and 
postural drainage. 62 ' 69 Less information is available on AD, 
although a few reports indicate it is highly effective and 
that compliance is improved. 59 ' 61,70 

High-Frequency Chest Wall 
Compression 

Commercially available devices have been developed that 
compresses the entire chest wall at high frequencies by 
means of a snug-fitting inflatable vest connected to a high- 
performance air compressor (Figure 12-8). Intermittent 



FIGURE 12-8 Patient wearing an inflatable vest during high- 
frequency chest compression therapy in the hospital. (Used with 
permission of Electromed, Inc.) 


chest wall compression produces brief periods of high ex¬ 
piratory airflow, which loosens and mobilizes mucus from 
bronchial walls. 1 The device is widely used in patients 
with CF. 

HFCWC has also been evaluated in a long-term study. 
After a 22-month period of using HFCC as the sole form 
of ACT, patients experienced a small but significant im- 
provement in pulmonary function. In contrast, after a 
similar period on conventional manual ACT, pulmonary 
function declined somewhat. 71 F1FCWC does not require 
the patient to perform postural drainage (known to be 
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effective for sputum mobilization) and incorporates rapid 
percussion (generally demonstrated to be ineffective). 
What accounts for this seeming paradox? HFCC com- 
presses the chest at frequencies up to 22 Hz, which is 
much higher than can be generated by manual percussion 
(5-8 Hz). Furthermore, compression is usually applied 
only on exhalation. In the initial studies with HFCWC, the 
developers of this device measured expiratory volumes and 
flows and selected the frequencies that resulted in the 
highest values for these variables. High expiratory airflow 
is maintained with HFCC, even at low lung volumes. The 
result is multiple, brief periods of high expiratory air flow 
(or more precisely air velocity), similar to “huff” coughing 
or FET. 72 

High expiratory air velocity at low lung volumes pro- 
duces the greatest air-mucus interaction and hence mucus 
mobilization. HFCWC does not directly dislodge mucus 
from the bronchial wall, as conventional percussion is 
thought to do, but instead simulates multiple coughs or 
FETs by generating high expiratory air velocities. Because 
the compressive phase of HFCC is brief (as short as 
0.02 second at a frequency of 22 Hz) and the glottis re- 
mains open during therapy, it is unlikely that dynamic 
airway collapse occurs, as happens with natural coughing 
in patients with bronchiectasis or CF. 

Manual percussion bears little resemblance to HFCWC. 
In contrast to HFCWC, manual percussion is rarely, if ever, 
adjusted to produce optimal expiratory airflow to simulate 
cough or FET. In addition, it is given during inspiration as 
well as expiration, which may limit the deep breathing that 
is essential for producing high expiratory air velocities. 
Finally, manual percussion is applied only to a small 
portion of the chest wall at one time, which may be insuf¬ 
ficient to generate adequate expiratory flows. 

High-Frequency Chest Wall 
Oscillation 

High-frequency chest wall oscillation (HFCWO) is similar 
to HFCC with the exception that the device provides posi¬ 
tive (compression/push) as well as negative pressure (pulis) 
oscillations to the chest wall. It that has not been well 
studied nor compared to HFCC, but likely has similar 
results to HFCC. 53,73 Plioplys et al. 73 showed a reduction in 
pneumonias and respiratory-related hospitalizations in a 
study of seven quadriplegic cerebral palsy patients. This 
negative extrathoracic pressure swing may prove to be 
more beneficial in infants and toddlers, who are more 
prone to airway collapse. 

Effectiveness of Techniques 

Proponents of conventional ACT techniques often de- 
scribe the problem that ACT aims to treat as abnormal 
(excessive, thick, tenacious) secretions. Although this is 
partially correct, therapies that would seem to attack this 
problem directly have proved disappointing. Manual, low- 
frequency chest percussion does not seem to jar mucus 


loose from the airways, nor does chest wall vibration. Of 
the therapies that do work—postural drainage, PEP, AD, 
FET, and the HFCC system—all attempt to prevent or com- 
pensate for dynamic airway collapse. Postural drainage at- 
tempts to move mucus passively, by force of gravity, past 
the damaged, collapsible portions of the airways and to- 
ward less diseased, more rigid central airways. The remain- 
ing therapies attempt to prevent dynamic airway collapse 
while at the same time producing high expiratory air veloc¬ 
ity at low lung volumes. This develops the shearing forces 
required to mobilize sputum. 4 A novel explanation for 
the efficacy of simple postural drainage is suggested by 
Lannefors and Wollmer, 74 who demonstrated improved 
mucous clearance in the dependent lung of patients un- 
dergoing postural drainage. For most patients, lung vol¬ 
umes and airway diameter are reduced in the dependent 
lung but ventilation is increased. These factors result in 
increased air movement at high velocity, which increases 
turbulence and shearing in small airways and results in 
greater mobilization of mucus. 

Deep breathing associated with vigorous exercise has 
also been shown to be an effective technique for mobiliza¬ 
tion of secretions in patients with CF. 75,76 To accommo- 
date the increased ventilatory demands of exercise, rate 
and depth of breathing are increased and active exhalation 
may occur. Hence, vigorous exercise produces a ventilatory 
pattern that, like AD or FET, increases air velocity at low 
lung volumes and promotes sputum mobilization. 

“Take a deep breath and you’ll feel better.” This is a 
sound piece of advice that was given long before the advent 
of incentive spirometry or IPPB. Taking a deep breath to 
total lung capacity, either by sighing or yawning, is a nor¬ 
mal, unconscious maneuver performed periodically to 
keep the lungs inflated and to avoid ventilation-perfusion 
mismatch. When the breathing pattern becomes one of 
tidal ventilation without periodic maximal inflation, 
atelectasis ensues within a few hours. 8 Variations in the 
normal pattern of breathing may result in respiratory 
complications and an increase in postoperative morbidity 
and mortality. Changes in the breathing patterns of pedi- 
atric patients are most often caused by increased sedation, 
narcotics, pain, fluid overload, parenchymal lung damage, 
fear and anxiety, and abdominal or thoracic surgery. It has 
been estimated that 10% to 40% and even as many as 70% 
of patients undergoing abdominal or thoracic surgery 
experience postoperative pulmonary complications, 79,80 
consisting of atelectasis, pneumonia, pulmonary embo- 
lism, and hypoxemia. These conditions are believed to be 
caused by reduced diaphragmatic movement (especially 
after upper abdominal surgery), changes in chest wall 
muscle tone, and secretion retention, all of which result in 
decreased lung volumes. 81 

The modalities and methods used to increase a child’s 
lung volume can be classified as (1) voluntary, using 
the patient’s own effort and initiative to sustain a deep 
breath (incentive spirometry); and (2) applied, providing 
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the patient with a positive-pressure-generated breath to 
achieve an increase in lung volume (IPPB). In this chapter 
these methods of lung volume expansion therapy are 
discussed as they relate to the pediatric patient. 

COMPLICATIONS OF AIRWAY 
CLEARANCE THERAPY 

Numerous studies have demonstrated that ACT can be 
detrimental, especially when applied in patients with 
little or no sputum production. Reported complications 
of ACT range from rare reports of complete airway ob¬ 
struction and respiratory arrest to bronchospasm and 
hypoxemia. 

Hypoxemia 

The most commonly cited adverse effect of ACT is hypox¬ 
emia. Several studies have reported hypoxemia in infants 
receiving ACT. 33 ' 36 Hypoxemia has also been documented in 
studies of adolescent and adult patients receiving ACT and 
was reported to occur more often in patients with preexist- 
ing cardiovascular complications, with minimal sputum 
production, and when mucoid rather than mucopurulent 
secretions were present. It occurred in patients with good 
pulmonary function and also when supplemental oxygen 
was being used. 82 ' 87 Tachypnea and tachycardia may occur 
in patients who experience hypoxemia during ACT. 

There may be a variety of reasons why ACT often 
causes hypoxemia. Among the proposed mechanisms are 
ventilation-perfusion abnormalities caused by postural 
changes, atelectasis, bronchospasm, alterations in car- 
diac output and oxygen consumption, and incomplete 
expectoration of mobilized secretions. In addition, each 
of the ACT techniques may contribute to hypoxemia to 
differing degrees. 


changes may be warranted. Positional changes during ACT 
may also result in hypotension or hypertension. 

Percussion 

Several studies report that chest percussion, rather than 
postural changes, is responsible for ACT-associated hypox¬ 
emia. 35 ’ 82 ' 84 These studies suggest that chest percussion 
causes significant abnormalities, and unless counterbal- 
anced by removal of a substantial quantity of mucus and 
improvement in ratios, the net change will be a deteriora- 
tion in relationships and hypoxemia. 

Atelectasis 

Both human and animal studies have shown an increase in 
atelectasis when ACT was givent 1,92 Vigorous chest percus¬ 
sion has been noted to produce pressure swings in the 
chest of up to 30 cm H 2 0. Such pressures generated by 
intermittent compression or percussion of the chest wall 
would seem sufficient to expel appreciable quantities of air 
from the lung, especially if chest wall compliance is high. 
Chest wall vibration, in contrast to percussion, has been 
associated with hypoxemia in some studies. 34 ' 36,93,94 This 
reflects the faet that vibration may or may not be as¬ 
sociated with chest wall compression, depending on the 
techniques or equipment used, whereas chest percussion 
invariably causes chest wall compression. 

Bronchospasm 

An additional explanation for the association of chest 
percussion with hypoxemia is the observation that chest 
percussion can cause bronchospasm in susceptible pa¬ 
tients, especially when sputum production is minimal. 
Administering bronchodilators before therapy may be 
desirable, especially when ACT is applied in patients with 
reactive airway disease. 


Position 

Most studies of the effeets of posture on oxygenation in 
adults would suggest that putting the diseased portion of 
the lung uppermost, as in postural drainage therapy, im- 
proves oxygenation. 88 ' 90 This is a consequence of improved 
perfusion of the healthy, dependent lung tissue at the 
expense of the diseased, elevated lung segments. Thus, at 
least for patients with localized, unilateral lung disease, 
abnormalities secondary to postural changes are an un- 
likely explanation for ACT-associated hypoxemia in pa¬ 
tients outside of infancy. Infants, however, have better 
oxygenation when the affeeted side is dependent (i.e., the 
good lung is up). 91 This may in part be the result of higher 
baseline pulmonary artery pressures, which would miti- 
gate the effeets of gravity on pulmonary biood flow. Hence, 
alterations in relationships as a direct result of postural 
changes are a possible explanation for CPT-associated 
hypoxemia in infants. Patients with generalized lung dis¬ 
ease may respond differently to postural changes, however, 
and careful monitoring of oxygenation with position 


Increased Oxygen Consumption 

Oxygen consumption is increased during ACT. 95,96 If sig¬ 
nificant shunting is present, or if an increase in cardiac 
output is not produced, increased oxygen consumption 
can be manifested by decreased Pao 2 (partial pressure of 
oxygen in the arterial biood). 

Gastroesophageal Refiux 

Gastroesophageal refiux (GER) is a common cause of respi¬ 
ratory problems in infants and children, and ACT is often 
ordered for patients who have GER. One study found that 
in patients with GER, ACT resulted in a fivefold increase in 
refiux episodes compared with periods when ACT was not 
given. 9 This increase in GER was seen even though treat- 
ments were withheld up to 3.5 hours after the infant’s last 
feeding. The study did not link the increase in refiux epi¬ 
sodes to any particular aspect of ACT, such as head-down 
positioning. GER may cause severe esophagitis, broncho¬ 
spasm, or pneumonia and has been linked to apnea and 
sudden infant death syndrome. 98 Therefore ACT should be 
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given only when the benefits of treatment clearly outweigh 
the risks of aggravated GER. Although withholding treat¬ 
ment as long as possible after an infant’s feeding is advis- 
able, it clearly will not eliminate the risks involved. 

Airway Obstruction and Respiratory 
Arrest 

Although ACT can be an effective means of removing 
bronchial foreign bodies in children, it may also result in 
acute upper airway obstruction and death." This is espe- 
cially true when the foreign body consists of organic 
material, such as seeds or nuts, that may increase in size 
(secondary to water absorption) after a period of time in 
the lung. Vomiting and aspiration may also occur during 
ACT, especially if therapy is given soon after the patient 
has eaten. Therefore at least 1 hour should be allowed after 
the last meal or feeding before beginning ACT. Patients 
receiving continuous feedings through gastric tubes 
should have the feedings turned off at least 30 minutes 
before therapy. More time may be needed in patients with 
a history of vomiting or reflux. For patients in whom feed¬ 
ings cannot be interrupted, Trendelenburg (head-down) 
positioning should not be used. 

Intracranial Complications 

Studies in preterm infants have reported that certain posi¬ 
tions of the infant’s head may increase intracranial pres¬ 
sure and that routine application of ACT, especially in the 
first few days of life, can significantly increase the risk of 
IVH. 37,100 ACT procedures in the child or adult with a re¬ 
cent head injury can also increase intracranial pressure. 1111 
Because of these concerns, many institutions do not place 
premature infants or patients with head injuries in the 
Trendelenburg position during ACT. 

Rib Fractures and Bruising 

Rib fractures have been reported as a complication of chest 
percussion in preterm infants with bronchopulmonary 
dysplasia. 102 The infants in this study suffered from rickets 
secondary to long-term parenteral nutrition. Improve- 
ment in nutritional therapy for preterm infants, however, 
should make rickets a rare finding in the infant with bron¬ 
chopulmonary dysplasia. Infants with the rare condition 
osteogenesis imperfecta are also at high risk of rib frac¬ 
tures. Bruising may occur in some patients, especially in 
the very small premature infant and the child with vitamin 
K deficiency. Most patients are more comfortable if per¬ 
cussion or vibration is performed with the skin covered 
by a pajama top or T-shirt. If the patient is not wearing 
pajamas or clothing, a lightweight blanket or towel should 
be placed on the chest and back. Excessive padding, how¬ 
ever, should be avoided. 

Airway Trauma 

In all patients, extreme care must be taken to maintain a 
proper airway. Infants and children with artificial airways 


in place can be accidentally extubated during ACT, espe¬ 
cially if they are being mechanically ventilated. The ventila¬ 
tor tubing or endotracheal tube, or both, are easily pulled 
during position changes, and extubation may result. When 
turning the patient, condensation in the ventilator tubing 
can be inadvertently drained into the patient’s airway, 
which may result in bronchospasm and respiratory dis¬ 
tress. Special attention should also be given to patients 
who receive ACT during the first 24 hours after a tracheos- 
tomy because hemorrhage may occur if therapy is given 
too vigorously. 32 Therefore, for patients in intensive care 
units or those with artificial airways in place, suction 
equipment as well as a manual resuscitator and mask 
should be readily available, preferably at the patient’s 
bedside. 

SELECTION OF PATIENTS FOR 
AIRWAY CLEARANCE THERAPY 

ACT is ordered for a multiplicity of conditions, including 
acute respiratory infections, postoperative complications, 
CF, and asthma, to name a few. Evidence is increasing, 
however, that ACT is required in only a limited number of 
conditions, all of which are characterized by chronic exces¬ 
sive sputum production. 

Conditions in Which Airway 
Clearance Therapy May Not 
Be Beneficial 

Various studies in children and adults have demonstrated 
that ACT may not be beneficial in certain conditions. 

Asthma 

In studies of the effects of ACT in children hospitalized 
with severe exacerbation of asthma, no difference was 
found in the rate of improvement of pulmonary function, 
even in the most severe cases. 89 Other studies in adults 
with reactive airway disease have shown that chest per¬ 
cussion can cause bronchospasm and hypoxemia. 84,103,104 
Selected patients with asthma may benefit from ACT, espe¬ 
cially when copious secretions or obstructive atelectasis is 
present. However, bronchospasm and hypoxemia should 
be well controlled before treatment. ACT is no substitute 
for adequate treatment with bronchodilating agents. It is 
also essential that a patient with asthma be well hydrated 
before ACT is begun. 

Bronchiolitis 

Although bronchiolitis is characterized by increased secre¬ 
tions, studies have reported ACT to be of minimal value. 
CPT made no difference in the length of hospital stay or 
the severity or duration of symptoms in patients with 
bronchiolitis, even when associated pneumonia or atelec¬ 
tasis was present. 103 It also produced no beneficial changes 
in lung mechanics or work of breathing in patients with 
bronchiolitis. 106 The failure of CPT to produce an effect in 
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bronchiolitis most likely results from the faet that the 
disease affeets the smaller, peripheral airways, where ACT 
techniques are generally not effeetive. 8 

Pneumonia 

Several studies have evaluated the role of CPT in pneumonia 
and have reported that CPT either had no effeet or actually 
delayed resolution, especially in young adults. 1Cb,1 ° 7,109 

Postsurgical Patients 

In a study of a group of closely matched pediatric cardiac 
surgery patients, Reines and colleagues 108 reported that 
those treated with ACT had twice the incidence of atelec- 
tasis as did the control group (68% vs. 32%), which re- 
ceived deep-breathing instruction, coughing, or suction 
as appropriate. Moreover, atelectasis was more severe and 
the duration of hospitalization was prolonged in the 
ACT group. 

Percussion to the right upper lobe every 1 to 2 hours for 
24 hours after extubation is a common practice in many 
neonatal intensive care units. This practice is based on a 
report by Finer and associates 109 that claimed a dramatic 
reduction in the risk of right upper lobe atelectasis after 
extubation when ACT was given. However, it is unclear 
from the study if suctioning alone or ACT was responsible 
for the results. 

Conditions in Which Airway 
Clearance Therapy May Be 
Beneficial 

In contrast to the reports criticizing its effeetiveness, 
ACT has been shown to be beneficial in patients with 
acute and chronic conditions characterized by excessive 
secretion production or mueous plugging of large air¬ 
ways that does not clear with coughing or suction. “Ex¬ 
cessive secretions” usually means 30 ml of sputum per 
day in adults. Obviously, lesser amounts would qualify as 
excessive secretions in children. ACT is also useful in the 
treatment of obstructive atelectasis. Figure 12-9 illus- 
trates the process of evaluation of the pediatric patient 
for ACT. 

Acute Lobar Atelectasis 

The majority of patients with acute atelectasis second- 
ary to mueous plugs respond with one ACT treat¬ 
ment. 28,112 ’ 113 If patients fail to respond to several ACT 
treatments, the atelectasis most likely is caused by con¬ 
ditions not amenable to ACT and therapy should be 
discontinued. The presence of an air bronchogram, sug- 
gesting no mueous obstruction of the airways, has been 
shown to predict a poor response to ACT. 28,11 ' 1 Although 
a period of ACT after resolution of the atelectasis may 
be warranted, prolonged ACT should not be necessary. 
As discussed earlier, ACT is not useful in preventing 
the return of atelectasis, except in patients with large 
amounts of secretions. 


Cystic Fibrosis 

ACT has been widely employed as a mainstay of treatment 
for the pulmonary complications of CF. In faet, mueh of 
our knowledge of ACT comes from studies conducted in 
patients with CF. 47, 111,113 Current issues in the application 
of ACT in these patients include the following questions: 

1. Which techniques are most effeetive? 

2. How can self-care be promoted? 

3. How can compliance with therapy be improved? 

Effeetive techniques are those that foster high expira- 

tory air velocity at low lung volume, such as FET, PEP 
therapy, HFCC, vigorous exercise, and AD. Postural drain- 
age is also a useful adjunet to PEP therapy or FET. Al¬ 
though little evidence is available to support the routine 
use of manual chest percussion in the treatment of CF, 
and although some CF centers (especially in Europe) have 
abandoned the routine use of manual chest percussion, 
most CF treatment centers in the United States still con- 
sider it an integral component of ACT. Many patients will 
expect percussion to be a part of their ACT treatments, 
especially when hospitalized. Therefore elimination of 
chest percussion from routine ACT treatments should 
not be carried out arbitrarily. Radical changes in ACT 
practice for patients facing a lifelong battie with excessive 
pulmonary secretions should be made only after careful 
deliberation and consultation with the pulmonary physi- 
cians responsible for their care. 

The issue of promoting self-care is especially important 
when dealing with patients with CF and their families. 
Patients with CF differ from most patients receiving ACT 
in that they need to employ some technique or techniques 
for removal of bronchial secretions on a daily basis for the 
rest of their lives. Current practices, especially those that 
require the routine application of chest percussion by a 
second person, often give the message that ACT is a passive 
technique, that it is something that is done “to” rather 
than “by” the patient. This may promote passivity and de- 
pendence on parents or other caregivers. As a result, com¬ 
pliance is often poor and treatments become a frequent 
source of arguments in families of patients with CF, with 
difficulties inereasing as the patients grow older. 46,114 Also, 
because ACT must be administered by a parent two or 
more times a day, it may interfere with normal adolescent 
developmental processes, such as inereasing autonomy 
and separation from parents. Therefore inereasing the pa¬ 
tient’s ability to perform self-care is essential. All patients 
with CF, especially as they approach adolescence, should 
be well instructed in one of the forms of self-care, such as 
PEP, AD, FET with or without postural drainage, or HFCC. 
Vigorous exercise, such as running or swimming, is also an 
effeetive form of self-therapy in well-motivated patients. 
The techniques selected will depend on patient preference 
and learning ability, the preferences of the attending 
physician, and, in the case of certain technologies, the 
ability to arrange financing. Patients and their families 
often report improved compliance with self-care over 
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Airway Clearance Protocol 



FIGURE 12-9 Algorithm for evaluating and providing airway clearance. 


parent-administered ACT, and treatment-related conflicts 
are minimized. 46 

Follow-up and consistency are essential when teaching 
bronchial drainage techniques. Reteaching may be neces- 
sary at intervals, and most patients with CF and their 
families are interested in learning new developments 


in ACT. Families often need assistance in adapting ACT 
practices to changing life circumstances, such as the 
patient entering school, traveling, entering college, 
and leaving home. Figure 12-8 demonstrates the use 
of HFCC while the child continues daily activities of 
life. Flaving a younger child play a game or continue 
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some type of fun activity can be vitally important to 
ensure compliance. 

Patients with advanced CF often have hemoptysis. 
ACT is usually withheld until the bleeding is controlled 
because vigorous coughing may aggravate the bleeding 
or dislodge clots. Likewise, ACT may need to be with¬ 
held in patients with pneumothorax, another common 
complication of advanced CF. Patients with end-stage 
disease may be especially reluctant to cooperate with 
ACT, especially the Trendelenburg positioning that 
is required. Supplemental oxygen may allow some 
patients with advanced disease to tolerate postural 
drainage. Withholding percussion may also improve 
the patient’s ability to maintain the Trendelenburg 
position. Some investigators have reported that PEP 
therapy is better tolerated than postural drainage and 
percussion in patients with end-stage disease. 50 

Neuromuscular Disease or Injury 

ACT is often used in many patients with neuromuscular 
injury or disease, and survival is often improved when 
ACT, coughing, turning, and deep breathing are incor- 
porated into routine care (see Chapter 33, Neurological 
and Neuromuscular Disorders). 10,115 ' 117 The goal is to 
return the patient with neuromuscular disease or injury 
to airway clearance that is as normal as possible. This 
may require hyperinflation type of therapies to return 
FRC levels to normal or assist with the patient’s natural 
cough. Prolonged postural drainage is often especially 
helpful. Flowever, patients with acute head injury should 
have well-controlled intracranial pressures before ACT is 
initiated. 

Lung Abscess 

Some patients with lung abscesses, especially older chil- 
dren, may be successfully treated with ACT. 118 Fearing that 
discharge of large amounts of infected material may spread 
the infection and lead to acute respiratory distress, some 
clinicians are reluctant to use ACT in the treatment of 
lung abscess. 2 " Likewise, hemoptysis is a common compli¬ 
cation in patients with lung abscess, and ACT may increase 
this risk. These concerns must be balanced against the 
knowledge that alternative treatments for lung abscess, 
such as lung resections, are also risky. 

Though there is not enough evidence to definitively 
evaluate the role of ACT in many acute childhood diseases, 
it has become routine care for the CF patient. ACT appears 
likely to be of benefit in the maintenance or prevention of 
respiratory-related neuromuscular disease complications 
and is probably of benefit in treating atelectasis in mechani- 
cally ventilated children. ACT appears to be of minimal to 
no benefit in the treatment of acute asthma, bronchiolitis, 
neonatal respiratory distress, or those requiring mechanical 
ventilation for acute respiratory failure, and it is not effec- 
tive in preventing atelectasis in the immediate postoperative 
period. Caution should be used given that the conclusions 
are based on very limited data (Figure 12-10). 


Proven 

Cystic fibrosis - no one 

specific ACT superior 

Possible 

Reduction in reintubation 
rate post-extubation in 
neonates CPT 

Probable 

Minimal to no benefit 

Neuromuscular disease - 

Asthma 

hyperinflation therapy 

Bronchiolitis 

(Cough Assist, IPV) 

Neonatal RDS 

Atelectasis during 

Acute resp. failure 

mechanical ventilation IPV 

Post-op atelectasis 


FIGURE 12-10 Effectiveness of airway clearance techniques. 


CONTRAINDICATIONS 

Frank hemoptysis, empyema, foreign body aspiration, and 
untreated pneumothorax are often considered contraindi- 
cations to all components of ACT. Withholding ACT, espe¬ 
cially percussion, is sometimes recommended when the 
platelet count is low (less than 50,000 cells/mm j. ACT is 
also usually withheld in the immediate postoperative 
period after tracheostomy, tracheobronchial reconstruc- 
tion, and selected other conditions in which postoperative 
movement is extremely dangerous. Chest percussion 
should not be performed directly over fractured ribs, areas 
of subcutaneous emphysema, or recently burned or grafted 
skin. Some conditions may require modification of ther¬ 
apy or omission of certain components of ACT. 

LENGTH AND FREQUENCY 
OF THERAPY 

Treatments for patients with CF or bronchiectasis should 
be performed for at least 30 minutes, with many patients 
benefiting from therapy lasting 45 minutes or longer. 
Patients with severe dyspnea may require rest periods, 
which will further prolong therapy. Most pediatric respira¬ 
tory care departments limit routine ACT treatments to 15 
to 20 minutes. 119 ACT is rarely needed more than every 
4 hours, although selected patients may benefit from more 
frequent suctioning or coughing. ACT orders should be 
evaluated at least every 48 hours for patients in intensive 
care units, at least every 72 hours for acute care patients, or 
whenever there is a change in a patient’s status. 120 


CLINICAL HIGHLIGHT 


Regardless of your approach, standardization supported by 
clinical practice guidelines or protocols may be of assis¬ 
tance. Figure 1 2-9 is an example ofa protocol used to guide 
therapy. 
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FIGURE 12-11 Child using incentive spirometry device. 


THER APY MODIFICATION 

Many patients require modification of therapy because 
of medical or surgical procedures. Percussion may be 
extremely painful for patients postoperatively, and the use 
of manual vibration or mechanical vibrators is sometimes 
better tolerated. Also, clinicians should be careful to avoid 
percussion over implanted devices, such as ventricular- 
peritoneal shunts or implantable venous access devices 
(often used in patients with CF). Percussion is also omitted 
in patients with brittle bones—for example, in those with 
rickets or osteogenesis imperfecta. 

Many patients may not tolerate Trendelenburg posi- 
tioning. Included in this group are those with severe 
GER, recent intracranial trauma or surgery, increased 
intracranial pressure, abdominal distention or ascites, 
compromised diaphragm movement, uncontrolled hy¬ 
pertension, and severe cardiopulmonary failure. 120 With 
careful monitoring, simple side-to-side positioning may 
be attempted in these patients. The patient with a gas- 
trostomy tube or chest tube, or both, may also require 
modifications in drainage positions. 

Patients receiving ACT often have a disorder affecting 
only one lobe. These patients do not need ACT in all 11 
positions but rather an abbreviated ACT treatment that 
uses postural drainage positions for the affected lobe 
only. 

Infants and small children are unable to perform ma- 
neuvers such as FET or AD. Some clinicians have at¬ 
tempted to mimic these techniques with gentie chest wall 
compression during the expiratory phase, allowing the 
child to exhale to less than functional residual capacity. 
Like AD or FET performed in cooperative older patients, 


this technique results in increased expiratory air velocity at 
low lung volumes, improving mucus mobilization. 

MONITORING DURING THERAPY 

Patients in an intensive care unit who require ACT should 
have continuous monitoring of arterial oxygen satura- 
tion (Sao 2 ), heart rate, and respiratory rate. Breathing 
pattern, skin color, and breath sounds should also be 
noted. 120 Patients not in an intensive care unit who re¬ 
quire high oxygen concentrations or who have a condi- 
tion presenting a high risk of respiratory or cardiac 
failure should also have these variables monitored. Other 
patients with mild respiratory distress should have pulse 
and respiratory rate as well as breathing pattern, skin 
color, and breath sounds measured before and after 
therapy. This is especially true for younger patients who 
cannot verbalize complaints of distress. Routine moni¬ 
toring of heart rate and respiratory rate for patients with 
chronic respiratory disorders, such as CF, is probably not 
warranted and may inadvertently give the message that 
ACT is harmful. When performing percussion or vibra¬ 
tion on patients who are connected to cardiopulmonary 
monitors, the alarm on the monitor may become acti- 
vated because of interference from the percussion or 
vibration. It is best to refrain from turning the monitor 
alarms completely off. 

EVALUATION OF THERAPY 

Because the goal of ACT is to promote the removal of 
excessive bronchial secretions, the single most impor- 
tant variable in evaluating the effectiveness of ACT is the 
amount of secretions expectorated with therapy; how- 
ever, this cannot be done in a vacuum and the basics 
should not be forgotten. The hydration status of the 
patient, and whether or not the patient’s lungs are 
acidic, can play a huge role in the success of airway clear- 
ance. 121,122 Mucus changes from sol to gel if the lungs are 
acidic. Changes in sputum production, breath sounds, 
vital signs, chest radiographic findings, biood gas values, 
and lung mechanics may indicate a positive response to 
the therapy. 120 The removal of excessive bronchial secre¬ 
tions is not always associated with an immediate change 
in biood gases, breath sounds, or lung mechanics. Pa¬ 
tients with advanced CF, for example, almost always 
have audible rales before and after therapy, whereas pul- 
monary function and biood gas determinations change 
little. 

Patients undergoing mechanical ventilation may have 
measurements of lung mechanics as well as noninvasive 
biood gas monitoring data readily available. If so, the clini- 
cian should note any changes associated with therapy. 
Deterioration in these variables, especially if unaccompa- 
nied by removal of secretions, suggests that therapy should 
be modified or discontinued. 
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DOCUMENTATION OF THERAPY 

When charting ACT treatments, the clinician should 
describe the techniques used (e.g., postural drainage, per- 
cussion, and AD), which lobes were treated, and what 
positions the patient was placed in. If certain segments or 
positions are omitted, this should be documented, as well 
as the reason why this was done. The clinician should also 
note if suctioning was performed. To document the re- 
sponse to therapy, pretreatment and posttreatment breath 
sounds, vital signs, and the amount and quality of sputum 
expectorated should be noted. 


HYPERINFLATION THERAPY 

Incentive Spirometry 

Incentive spirometry, also referred to as sustained maxi¬ 
mal inspiration, was introduced in the early 1970s in an 
effort to prevent postoperative pulmonary complica- 
tions. 92,123 It was designed to encourage patients to im- 
prove their inspiratory volumes while visualizing their 
inspiratory effort. Forced expiratory maneuvers using 
devices such as blow bottles, blow gloves, and balloons 
have been prescribed in the past to prevent postoperative 
complications; however, they have been associated with 
the development of atelectasis and do not result in the 
same physiological effects as incentive spirometry. 124 ' 126 
Although it is still debated which methods are most ef- 
fective for the prevention and management of postoper¬ 
ative pulmonary complications, it is estimated that 
incentive spirometry is prescribed in 95% of all U.S. hos¬ 
pitals for prophylaxis and treatment of postoperative 
atelectasis. 127 ' 131 The objectives of incentive spirometry 
are to prevent or reverse atelectasis, improve lung 
volumes, and improve inspiratory muscle performance 
(including use of the diaphragm). 124 

Indications, Contraindications, 
and Complications 

Clinical conditions that may benefit from incentive spi¬ 
rometry are listed in Box 12-1. 124 Clinical symptoms 
often include fever, increased work of breathing, tach- 
ypnea, hypoxia, and evidence of atelectasis on the chest 
radiograph. For incentive spirometry to be effective in 
the pediatric patient, he or she must be able to cooperate 


Box 12-1 


Indications for Incentive Spirometry 


Abdominal surgery 
Thoracic surgery 

Surgery in patients with pulmonary disease 
Atelectasis 

Restrictive lung defects associated with quadriplegia 
Restrictive lung defects associated with a dysfunctional 
diaphragm 


and understand the procedure and to be able to breathe 
volumes exceeding his or her normal tidal volume. 

Incentive spirometry is contraindicated in patients who 
cannot cooperate or follow instructions concerning the 
proper use of the device. The child may be uncooperative, 
physically disabled, or simply too young to effectively per¬ 
form the maneuvers. Alternative methods such as walking, 
getting up in a chair, frequent changes in position, and 
singing, to name a few, may help to improve lung volumes 
and should then be considered. 132,133 

The majority of problems that patients experience with 
incentive spirometry are the result of inadequate supervi¬ 
sion or instruction, or both. These two factors account for 
a large number of ineffective treatments. 134 Hyperventila¬ 
tion may occur in the patient who performs the maneuvers 
too rapidly, and he or she may complain of lightheaded- 
ness or tingling in the fingers. The patient may also com¬ 
plain of fatigue during the procedure. These complaints 
can be alleviated by coaching the patient to slow down and 
rest between each maneuver. Pain from surgical incisions 
is often encountered postoperatively and can be decreased 
by splinting the surgical area with a pillow during deep 
breathing and coughing. Airway closure and broncho- 
spasm may occur if the patient exhales forcefully to less 
than functional residual capacity before taking a deep in¬ 
spiration. Again, this can be avoided with proper coaching 
by the clinician. Hypoxia may develop if the patienc’s oxy¬ 
gen therapy is interrupted, especially when a mask is used. 
This can be prevented by using a nasal cannula during 
therapy. 

Devices 

The original Bartlett-Edwards incentive spirometer oper- 
ated on a piston-bellows principle and was designed to fali 
open by gravity at a preset volume. A battery-operated 
light was activated when the patient inhaled from the 
spirometer and the preset volume was reached. To keep the 
light on, the patient had to continue to inhale. The light 
went ofif when the patient’s glottis closed or total lung ca¬ 
pacity was reached. 13 '’ There are many different types and 
brands of incentive spirometers, including disposable and 
nondisposable devices. They are classified according to 
how inhalation is activated: (1) volume oriented or (2) flow 
oriented. 

Most of the current volume-oriented incentive spirom¬ 
eters are based on the original Bartlett-Edwards spirome¬ 
ter. A volume is preset as a goal, and the patient is 
instructed to inhale until the preset goal is reached. The 
spirometer volume is measured according to the amount 
of volume displaced during the inhalation. Flow-oriented 
spirometers operate by using a floating ball or bar that is 
raised by the negative flow generated with inspiration. The 
more rapid and forceful the inspiratory flow, the higher 
the ball rises. Although differences in the inspiratory work 
of breathing among the various incentive spirometers have 
been reported, in terms of clinical outcome the differences 
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among the devices appear to be negligible. 136,137 The device 
used will vary from one institution to another and may 
even vary among patients within the institution. Regard- 
less of the type, the operator’s instructions should be read 
and universal precautions followed. 138 

The number of maneuvers to be performed per session 
should be either prescribed by the physician or set by de- 
partmental policy. Several sources have suggested 5 to 10 
effective breaths per treatment as an adequate frequency. 124 
The patient should cough during the session whenever it 
is felt necessary and then again when the maneuvers have 
been completed. The postoperative patient may need as¬ 
sistance with splinting of the incision during coughing 
as well as during deep breathing. A pillow or folded blan¬ 
ket can be placed over the incision area. The inspiratory 
volume goal may be increased when the patient reaches the 
preset goal repeatedly. Breath sounds should be assessed 
after coughing, and the incentive spirometer should be left 
within the patient’s reach before the clinician leaves the 
room. The patient should be encouraged to perform the 
maneuvers independently between scheduled sessions. 
The frequency of sessions varies with the patient and may 
be prescribed as often and specifically as once per hour or 
as variably as three times per day. 21,22 

Assessment of Therapy 

Documentation of the patient’s response during therapy 
should include the following: 

Heart rate 
Respiratory rate 
Breath sounds 

Inspiratory volume or flow achieved 
Number of goals achieved 
Description of cough and sputum production 
Patient effort and tolerance 

How many maneuvers the family has tried/agreed to get 
the patient to do per hour 

• Any patient complaints or adverse reactions, or both, 
and the corrective action taken 

Therapy is considered effective if atelectasis is prevented 
or resolved and inspiratory muscle performance is im- 
proved. 124 Clinical signs of this would include a decreased 
respiratory rate, normal temperature, normal pulse rate, 
normal or improved breath sounds that were previously 
absent or diminished, a normal chest radiograph, im¬ 
proved oxygenation, and increased vital capacity and peak 
expiratory flows. 124 

Although there have been numerous studies evaluat- 
ing the therapeutic value of incentive spirometry, it is 
difficult to compare them because of the variation in 
patients and study design. 139 However, a number of stud¬ 
ies have indicated that incentive spirometry, along with 
other deep breathing maneuvers, is effective in reducing 
pulmonary complications when used correctly. 129,131,140 ' 142 
A study comparing the efficacy of postoperative incen¬ 
tive spirometry between children and adults concluded 


that incentive spirometry is as effective in reducing the 
incidence of atelectasis in children who have undergone 
cardiac surgery. 143 

INTERMITTENT POSITIVE- 
PRESSURE BREATHING 

IPPB is the intermittent, short-term delivery of positive 
pressure to a patient for the purpose of improving lung 
expansion, delivering aerosolized medications, and assist¬ 
ing ventilation. 144 Since its inception in 1947 and its intro- 
duction into the medical arena in 1948, IPPB has been one 
of the most controversial topics in respiratory care. 145 
It was one of the most popular therapeutic modalities pre¬ 
scribed in the 1960s and 1970s and was regarded as 
the panacea to all pulmonary ailments. Not until the 
American College of Chest Physicians’ conference on oxy¬ 
gen therapy in September 1983, when both its overuse and 
its doubtful efficacy were discussed, did IPPB decline as a 
treatment modality. 146 Today newly practiced modalities, 
such as bilevel positive airway pressure and incentive 
spirometry, have rendered the prescription of IPPB more 
selective than in the past. 147,148 

Indications, Contraindications, 
and Complications 

Clinically, IPPB (Figure 12-12) is given to provide a 
significantly larger inhaled volume at a physiologically 
advantageous inspiratory to expiratory pattern than the 
patient can produce with spontaneous ventilation. If this 
goal is met, there should be improvement in the cough 
mechanism, distribution of ventilation, and delivery of 
medication. 149 In the pediatric population, however, the 
hazards and potential complications that can result from 
its use render it unpopular and ineffective among infants 



FIGURE 12-12 I ntermittent positive-pressure breathing (IPPB) 
therapy being administered to a child, with a respirometer 
attached to the exhalation valve for exhaled volume monitoring. 
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and children. 150 It is indicated most often in the older 
patient who needs increased lung expansion but has failed 
to respond to other modes of treatment, such as incentive 
spirometry, chest physiotherapy, deep-breathing exercises, 
and bilevel positive airway pressure. This includes pa¬ 
tients with neuromuscular disease or chest wall deformity 
that inhibits maximal inspiratory efforts. Medication can 
also be delivered via IPPB to these patients. However, 
studies have continued to report that the delivery of 
medications via IPPB depends on the technique and that 
the first mode of choice for aerosolized medication ther¬ 
apy should be a small-volume nebulizer or metered-dose 
inhaler. 151 ' 153 

The absolute contraindication to IPPB is a tension 
pneumothorax; however, there are other factors that 
should be considered carefully before IPPB therapy is rec- 
ommended. Because the effectiveness of applying IPPB 
therapy hinges on the cooperation of the patient, any in¬ 
fant or child who most likely would not cooperate and 
who has difficulty coordinating deep breathing should not 
be considered for this therapy. (Asynchronous breathing as 
well as breathing against the high positive pressure could 
result in increased work of breathing.) According to the 
American Association for Respiratory Care’s clinical prac- 
tice guideline for IPPB, other clinical contraindications 
include increased intracranial pressures (greater than 
15 mm Hg); recent facial, oral, or skull surgery; tra- 
cheoesophageal fistula; recent esophageal surgery; active 
hemoptysis; active, untreated tuberculosis; radiographic 
evidence of blebs; hemodynamic instability; nausea; and 
swallowing of air. 144 Because IPPB is so rarely used in pedi- 
atrics, it is possible that the clinician may be inexperienced 
in administering the therapy and unable to provide 
optimal respiratory care. When this situation arises, the 
objective of providing a safe, effective treatment may be 
unattainable, and it is in the patient’s best interest not to 
have the treatment administered. 

Complications associated with IPPB therapy are listed 
in Box 12-2. 144,154,155 This list demonstrates the need for an 


experienced clinician to administer the therapy and to 
monitor the patient and the equipment closely. Should 
adverse reactions occur, the treatment should be discon- 
tinued and the physician notified of the situation. 

Equipment 

The equipment used during an IPPB treatment includes 
the IPPB device, the circuit, the patient application device, 
and the volume measuring device. Although the addition 
of a humidifier is not essential, it is recommended in 
patients with mucus retention. The most popular IPPB 
devices used in pediatric patients are the Bird series (Cardi¬ 
nal Health, Dublin, OH), the Puritan Bennett series 
(Puritan Bennett, Boulder, CO), and the Monaghan 515 
(Monaghan Medical, Plattsburgh, NY). The devices vary in 
design and in flow, volume, and pressure capabilities. 156 
The patient application devices are dependent on the 
patient’s needs and include a mouthpiece, lip-mouth seal, 
mask, or endotracheal tube/tracheostomy adapter. A nose 
clip should be available for the patient who uses either a 
mouthpiece or lip seal. The volume measuring can be 
obtain by a spirometer. Suctioning equipment should be 
available, as should containers for collecting or disposing 
of sputum. 144 

Monitoring 

The patient and equipment should be monitored closely 
during therapy. The heart rate and respiratory rate should 
be obtained before, during, and after each treatment. 
Breath sounds should be assessed before and after each 
treatment and any time the patient complains of respira¬ 
tory difficulty or chest pains. With the goal of therapy be- 
ing to generate a tidal volume during IPPB that is at least 
15 ml/kg or to exceed one third of inspiratory capacity, it 
is essential that tidal volume be monitored. 157 To de- 
termine whether lung volume is being augmented, the 
patient’s tidal volume should be monitored before (spon- 
taneous breathing) and several times during therapy. The 
exhaled gas is measured during therapy at the exhalation 
valve with either a respirometer or spirometer. If the tidal 
volume delivered during IPPB therapy is not greater than 
that during spontaneous breathing, the therapy is of little, 
if any, value to the patient. The patient’s peak flow should 
also be monitored before and after treatment. 

Assessment of Therapy 

Document the following with each IPPB treatment: 

Heart rate 
Respiratory rate 
Breath sounds 

Pressure used (beginning and end of therapy) 

• Tidal volume obtained (before and during therapy) 

• Machine Controls used (i.e., sensitivity, flow) 

Fraction of inspired oxygen (Fio 2 ) values 

• Medication aerosolized 
Peak flow 


Complications Associated with 
Intermittent Positive-Pressure 
Breathing 

• Bronchospasm 

• Gastric distention and ileus 

• Nosocomial infection 

• Decreased venous return 

• Hyperventilation 

• Hypoventilation 

• Impaction of secretions 

• Fatigue 

• Airtrapping 

• Volutrauma, pneumothorax 

• Hemoptysis 


Box 12-2 
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Description of cough and sputum production 
Patient cooperation and tolerance 
Duration of therapy 

• Any patient complaints or adverse reactions and the 
corrective action taken 

IPPB therapy is believed to be effective if the therapeutic 
goals are met, including the following: 

• An augmented tidal volume during IPPB (15 ml/kg or 
more than one third of the inspiratory capacity) 

• An increase in peak flow or forced expiratory volume in 
1 second (FEVx) 

• A more effective cough 
Secretion clearance 
Improved breath sounds 

• An improved chest radiograph 144 

When compared with other aerosol delivery devices, 
IPPB in the pediatric patient is both equipment and labor 
intensive. 104 With this in mind, perhaps thought should 
be given not to whether IPPB is effective in delivering 
aerosols but rather to whether IPPB is the most effective 
method of delivery. 119 However, although there are other 
less expensive and less invasive lung expansion maneu- 
vers, there remain patients who fail to respond to these 
maneuvers but who do benefit from IPPB. If there are no 
observable benefits from the therapy, however, its use 
cannot be justified. 

INTRAPULMONARY PERCUSSIVE 
VENTILATION 

Intrapulmonary percussive ventilation (IPV) is a technique 
that utilizes hyperinflation therapy and airway clearance 
therapy in one. The IPV device uses high-frequency oscilla- 
tory ventilation to produce percussion. The percussions 
are high-flow jets of gas that are delivered to the airways by 
a flow interrupter called a Phasitron. Activation of the Ven- 
turi system within the Phasitron creates bursts of gas at 
frequencies of 100 to 300 bursts per minute within a 
tightly controlled ratio of gas delivery and passive exhala- 
tion. The relationship between the gas bursts and exhala- 
tion determines the intrapulmonary “wedge” pressure. It is 
this wedge pressure that may provide mobilization and 
clearance of pulmonary secretions. 

Indications, Contraindications, 
and Complications 

IPV is designed to both treat active pulmonary disease and 
to prevent the development of disease caused by secretion 
retention. Specific goals of therapy include promoting the 
mobilization of bronchial secretions, improving the effi- 
ciency and distribution of ventilation, providing an alterna¬ 
tive delivery system for bronchodilator therapy, providing 
intrathoracic percussion and vibration, and providing an 
alternative system for the delivery of positive pressure to 
the lungs. The Phasitron may be manually triggered during 


IPV therapy in nonintubated, spontaneously breathing 
patients or may be set to continuous percussion for use in 
intubated patients. IPV may be applied via mouthpiece, 
mask, artificial airway, or through a ventilator. 

If you take a least aggressive to most aggressive ap¬ 
proach, the primary indication for a combination therapy 
like IPV is a patient refractory to traditional bronchial 
hygiene methods. Other indications are similar to other 
airway clearance procedures, such as patients with at- 
electasis, bronchitis, bronchiectasis, and bronchopneu- 
monia. Patients who have aggressive secretion-producing 
disease coupled with muscle weakness are likely the best 
candidates. 

Contraindications are not that different than positive 
pressure and airway clearance and include untreated pneu- 
mothorax, hemoptysis, active tuberculosis, and fractured 
ribs or unstable chest 

Monitoring 

The patient and equipment should be monitored closely 
during therapy. The heart rate and respiratory rate 
should be obtained before, during, and after each treat¬ 
ment. Breath sounds should be assessed before and after 
each treatment and any time the patient complains of 
respiratory difficulty or chest pains, with the goal 
of therapy being to clear secretions and improve the 
efficiency of breathing. 

Assessment of Therapy 

Document the following with each IPV treatment: 

Heart rate 
Respiratory rate 
Breath sounds 

Pressure used (beginning and end of therapy) 

• Machine Controls used 

• Medication aerosolized 
Peak flow (if applicable) 

Description of sputum production 
Patient cooperation and tolerance 
Duration of therapy 

• Any patient complaints or adverse reactions and the 
corrective action taken 

IPV therapy is believed to be effective if the therapeutic 
goals are met, including the following: 

Secretion clearance 

■ Improved breath sounds 

■ Improved gas exchange 

• Medication delivery 

• An improved chest radiograph 158 


CLINICAL HIGHLIGHT 


Hyperinflation therapy maybe the only airway clearance a 
patient needs. 
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FUTURE OF AIRWAY CLEARANCE 
THERAPY 

The future of airway clearance will center on normaliza- 
tion of physiological airway clearance mechanisms. This 
will be accomplished by new and novel drug and device 
therapies such as hypertonic saline or such simple devices 
as the Cough Assist (Emerson), which helps neuromuscu- 
lar patients mimic a stronger cough. Because of the under¬ 
stood benefits of deep breathing and coughing, paralytics 
in acute lung injury are no longer common practice. Gene 
therapy for CF is just around the corner. Advances in tech- 
nology will continue to give us tools that allow us to 
accomplish the basics while reducing the overall physical 
size and power consumption. Many of these new devices 
will provide a user-friendly interface that can be utilized by 
non-health care providers in the home care setting. This 
will allow us to customize our therapy for the best out- 
come depending on the social, economic, and educational 
needs of the patient and family. 


CASE STUDY 


You are assigned to treat a 10-year-old with CF who is struggling 
with secretion management. You are requested by the physician 
to assess and treat the patient with what you feel is the most 
appropriate ACT. After further assessment, you determine that 
the patient is hypoxic, requiring a dry high-flow oxygen device; 

I has inspissated secretions and adventitious breath sounds; and 
is fatiguing. What should be your first actions? 

1. Provide humidity as soon as possible. 

2. Determine the patient’s home regimen and what has 
worked in the past. 

3. Consider an ACT with hyperinflation therapy to support 
fatiguing muscles. 

4. Call physician to report fatigue. 

A. 4, 2,1, 3 

B. 4 only and wait for direction 

C. 1, 2, 3, 4 

D. 2, 3 


See Evolve Resources for answers. 


KEY POINTS 

• The primary use of ACT should be limited to those who cannot clear their airway secretions. 

• The most effective ACT is that which mimics or supports normal physiology. 

• ACT should target symptoms. See the table here for a list of ACTs to best target various symptoms. 


Symptom 

Weak or poor cough 


Inspissated secretions 
Airway collapse that leads 
to retained secretions 

Expectorating a large 
volume of secretions 


Possible cause 

• Neuromuscular disease 


Initial ACT 

Combination ACT and hyperinflation therapy. Clinician choice as 
to which therapy creates the highest expiratory flow rate. This 
requires increasing the FRC. 

Wean sedation if possible and support with hyperinflation therapy. 
Support pain management and encourage deep breathing and 
coughingwith mobilization if possible. 

Flydration and chest physical therapy. 

Solve external force issues if possible. 

PEP for obstructions that lead to atelectasis. 

CPT for those obstructed secretions that lead to distal hyperinflation. 
Treat infection or possible cause of sputum production and 
support with chest physical therapy. 

All ACT should have an objective outcome to determine effectiveness and be reevaluated frequently. 


Oversedation 

Pain 

Poor humidification 
External forces or 
defects with in the 
airway 
Infection 


ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. Many institutions found that the routine use of IPPB 
was replaced with routine use of ACT in what two 
decades? 

A. 1 900sand 191 Os 

B. 1 920s and 1 930s 

C. 1 960sand 1 970s 

D. 1 980s and 1 990s 


2. Postural drainage was used as early as: 

A. 1901 

B. 1911 

C. 1940 

D. 1953 

3. When doing percussion therapy, what is the 
recommended frequency? 

A. 1 to 2 Hz 

B. 3 to 4 Hz 

C. 5 to 6 Hz 

D. 7 to 8 Hz 
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4. When providing vibration chest physiotherapy, what 
is the recommended frequency? 

A. 6 to 7 Hz 

B. 8 to 9 Hz 

C. 10 to 1 5 Hz 

D. >20 Hz 

5. The fo ur components of traditionel / 159 ACT are: 

A. Postural drainage, percussion, vibration, and 
coughing 

B. FET, IS, IPPB, and HFFC 

C. PEP, position, AD, and resistance 

D. Hydration, percussion, deep breathing, and FET 

6. Premature infants may be at risk for inereased com- 
plications from ACT. Why? 

A. The high chest wall compliance of premature 
infants can cause loss of lung volume. 

B. ACT is associated with IVH. 

C. Prolonged handling can interfere with the 
temperature-regulated environment of these 
patients. 

D. A, B, and C are correct. 

7. What hyperinflation therapy was introduced in 
the 1970s to prevent postoperative pulmonary 
complications? 

A. Deep breath and cough 

B. Incentive spirometry 

C. CPT 

D. PEP 

8. ACT is required in only a limited number of 
conditions, all of which are characterized by 
which of the following? 

A. Chronic, excessive sputum production 

B. Disease State 

C. Patient age and disease State 

D. None of the above 

9. Treatments for patients with CF or bronchiectasis 

should be performed for at least_and 

reevaluated every_for acute care. 

A. 10 minutes, 24 hours 

B. 1 5 minutes, 48 hours 

C. 20 minutes, 96 hours 

D. 30 minutes, 72 hours 

10. What are the contraindications for ACT? 

A. Frank hemoptysis 

B. Empyema 

C. Foreign body aspiration 

D. All of the above 
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LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 


1. Identify four general indications for intubation 

7. Appraise the reasons forfailed extubation and treat- 

2. Explain how to perform orotracheal intubation 

ment strategies 

3. Explain how to perform nasotracheal intubation 

8. List the indications for tracheotomy 

4. Select the correctly sized endotracheal tube for patients 

9. Describe the major complications of tracheotomy 

of different ages 

10. List the criteria for decannulation 

5. Describe the complications of intubation 

11. Describe the setup and list the equipment needed for 

6. Explain the criteria for extubation 

tracheostomy tube changes 

KEY TERMS 


Tracheotomy Suctioning 


Recognizing the child who is in respiratory distress or fail- 
ure is an integral step in caring for the critically ill child. 
Ensuring adequate oxygenation, ventilation, and airway 
protection is a major goal in managing any ill child. Bag¬ 
mask ventilation ensures adequate oxygenation and venti¬ 
lation. Endotracheal intubation ensures airway protection 
and the prevention of aspiration of either gastric contents 
or oral secretions. Establishment of a secure airway is one 
of the unique and challenging procedures associated with 
neonatal and pediatric critical care that has a profound 
impact on life and death. 


INTUBATION 

Rapid and unencumbered intubation of the trachea de- 
pends on knowledge of upper airway anatomy, the indi- 
cations for intubation, the appropriate use of airway 
equipment, and the medications available to facilitate 
intubation. Before attempting to intubate any patient, 
the patient’s history and physical appearance must be 
assessed with respect to the patient having a difficult 
airway. The parent should be asked if the patient was 
difficult to intubate in the past. Any old anesthesia 
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records should be reviewed. A history of burn injury or 
radiation to the head or neck makes airway manipula¬ 
tion difficult. The presence of a small jaw, limited mouth 
opening, decreased neck extension, or a space-occupying 
lesion of the mouth makes intubation more difficult. If 
airway manipulation is expected to be difficult, airway 
techniques other than direct laryngoscopy may be 
needed (see Approaches to the Difficult Airway later in 
this chapter). 

Indications 

The specific indications for endotracheal intubation are 
numerous; however, all can be placed in one of four broad 
categories, which can be defined by the four “Ps”: 

1. Pulmonary function 

2. Provide an airway 

3. Protect the airway 

4. Pulmonary hygiene 

The need for intubation because of a lack of pulmo¬ 
nary function results from deficits in oxygenation, venti¬ 
lation, or both, taken in concert with the patient’s clinical 
condition. Acute ventilatory dysfunction can be defined 
as an arterial partial pressure of carbon dioxide (Paco 2 ) 
greater than 50 to 60 mm Hg with a pH less than 7.3. Pul¬ 
monary dysfunction as a result of hypoxemia is defined as 
an arterial partial pressure of oxygen (Pao 2 ) less than 
60 mm Hg with a fraction of inspired oxygen (Fio 2 ) 
greater than or equal to 0.60. These definitions assume 
that there is no intracardiac right to left shunt resulting 
from a congenital cardiac defect. 

It is difficult to reliably administer an Fio 2 greater than 
0.8 using traditional devices for the administration of 
supplemental oxygen. Therefore, a patient with decreasing 
oxygen saturation who is unresponsive to increases in oxy¬ 
gen concentration is a candidate for an escalation of care 
that may include both noninvasive and invasive methods 
of providing support, such as noninvasive positive pres¬ 
sure or intubation and mechanical ventilation. 

Respiratory failure in children is most commonly caused 
by pneumonia or bronchiolitis. Upper airway obstruction 
may also cause respiratory failure. Examples that are included 
in this category are diseases such as laryngotracheobron- 
chitis (i.e., croup), epiglottitis, laryngeal papillomatosis, 
and severe subglottic stenosis. Intubation is necessary in 
patients who have loss of airway reflexes and in patients 
with weakness. Loss of airway reflexes occurs in patients 
with head injury and drug overdose. Weakness occurs in 
patients with such diseases as botulism and Guillain-Barré 
syndrome. Patients who have penetrating or crush injury to 
the midface, tongue, both mandibles, or the neck may need 
to be intubated for airway protection. Paralysis of these 
patients must be avoided because of the presence of 
acquired anatomical abnormalities. Intubation of these 
patients is most safely performed in the operating room by 
a surgeon and anesthesiologist in attendance. And finally, 
patients who have infection of the anterior neck (Ludwig’s 


TABLE 13-1 


Essential Equipment for Intubation 


Mnemonic 

Monitors 

Suction 

Machine 

Airway 


Intravenous 

Drugs 


Equipment 

ECG, pulse oximeter, BP, end-tidal C0 2 
detector, stethoscope 

Yankauer suction catheter, ETT suction catheters 
Oxygen source, functioning bag and mask 
Masks, oral airways, nasal trumpets, endotra¬ 
cheal tubes, appropriate stylet, laryngoscopes 
(handles, curved and straight blades, bulbs, 
batteries), McGill forceps, tape, benzoin 
One patent intravenous line 
Anesthetic and resuscitative agents 


BP\ Biood pressure; ECG, electrocardiogram. 


angina) or hematoma of the neck (as may occur in patients 
with bleeding disorders) have airway deviation and should 
be intubated in the operating room. 

Equipment 

Anticipating and preparing for intubation by collecting 
the proper equipment are essential components of a suc- 
cessful endotracheal intubation. The equipment neces¬ 
sary for intubation is listed in Table 13-1. Using the 
mnemonic MSMAID facilitates preintubation prepara- 
tion so that essential equipment is not inadvertently 
omitted. 

Endotracheal Tubes 

Once a decision has been made to undertake intubation, 
the appropriate size and type of endotracheal tube (ETT) 
must be identified. The ETTs most commonly used are 
sterile, disposable, and made of clear nontoxic plastic or 
polyvinyl chloride. The tubes have markings placed longi- 
tudinally 1 cm apart and can be used as reference points 
for proper placement once endotracheal intubation is ac- 
complished (Figure 13-1). The distal end of the ETT may 
contain a side hole, a Murphy eye, to prevent complete 
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obstruction of the ETT if mucoid secretions occlude the 
distal end of the endotracheal tube. The Microcuff endo- 
tracheal tubes are cuffed endotracheal tubes that have a 
small, very thin cuff that sits well below the vocal cords 
when it is positioned properly. The Microcuff endotra¬ 
cheal tubes do not have a Murphy eye. The appropriate 
ETT size is determined by the patient’s age and size. The 
appropriate ETT for any child 1 year of age or older may be 
determined by the following formula. 1 * * * 

Internal diameter (mm) = (age [yr] -t- 4) + 4 

Using this formula, a 4-year-old would need a 5.0-mm 
ETT, an 8-year-old child would need a 6.0-mm ETT, and 
so on. 

Accurate selection of an ETT takes into consideration 
the child’s weight (Table 13-2), size, and length. 2 4 Compar- 
ing the size of the pinky of the patient with the size of the 
ETT is a method that can be used to approximate the ap¬ 
propriate size ETT for a child. ETT one-half size smaller 
and one-half size larger than the estimated or calculated 
size should always be available. The appropriate adult en¬ 
dotracheal tube size for an adult female is 7 mm and for an 
adult male is 8 mm. 

Cuffed and Uncuffed Tubes 

Because the cricoid cartilage is the narrowest portion of the 
pediatric airway until about 8 years of age, use of an un¬ 
cuffed ETT was traditionally recommended until that time. 
In 2005 the American Heart Association’s Pediatric Ad- 
vance Life Support program (PALS) stopped recommend- 
ing uncuffed tubes because there was no evidence to 
support one over the other. Today it is left up to the clini- 
cian to determine whether a cuff is needed for patients less 


TABLE 13-2 


Neonatal Resuscitation Program Guidelines for Pediatric 
Endotracheal Tube Size 


Child’s Age Internal Diameter (mm) 

Premature 

Less thanl 000 g 2.5 

1000-2000 g 3.0 

2000-3000 g 3.5 

Normal newborns 

3000-4000 g 3.5-4.0 

Infants and children younger than 12 years 

6-12 mo 4.0-4.5 

1-2 years 4.5 

4 years 5.0 

6 years 5.5 

8 years 6.0 

10 years 6.5 

Children 12 years of age and older 

Female 7.0-8.5 

Male 8.0-10.0 


than 8 years of age. As a child grows, the airway becomes 
more adultlike and tubular, with the vocal cords, not the 
subglottic space, becoming the smallest cross-sectional 
area of the airway. 5 A cuffed ETT helps create a seal to oc¬ 
clude unwanted air leaks during positive-pressure ventila¬ 
tion. The cuff also reduces the likelihood of pulmonary 
aspiration, although this not guaranteed simply by placing 
a cuffed ETT. However, with the advent of low-profile cuffs 
in smaller endotracheal tubes (as low as 3.0 mm), more 
anesthesiologists at children’s hospitals are using low-profile 
cuffs in the operating room in small children and infants. 
The deflated cuff on the distal end of the ETT increases the 
outer diameter of the tube by approximately 0.5 mm when 
compared with uncuffed tubes. To compensate for the 
increased diameter of the cuff on the ETT, a smaller tube, 
0.5 to 1 mm, is inserted when the cuff is present. 

Laryngoscope Blades and Handles 

The laryngoscope is the instrument used to expose the 
glottic opening during intubation. It consists of two parts: 
a handle and a blade. The handle is available in two sizes: 
large and small. The handle also contains batteries that 
power a light source incorporated into the blade. The large 
handle is recommended for an adult, but it may also be 
suitable for an infant, child, or adolescent depending on 
operator preference and patient characteristics. Because of 
its size and ease of manipulation, the small handle should 
be used for a premature infant or newborn. Before com- 
mencing the process of intubation, the blade and handle 
should be tested to ensure that they fit together properly 
and lock in place. The lightbulb should be functional and 
screwed in place securely. 

Many types of laryngoscope blades are available. The 
Miller blade is a straight blade that is available in multiple 
sizes. The Philips blade comes in sizes 1 and 2 and is a 
straight blade that has the advantages of being wider than 
the Miller blade and having a small curve at its tip. The 
Philips blade is especially useful in children who have 
laryngomalacia because the floppy epiglottis can be lifted 
out of the way. The Macintosh blades are curved and wide. 
The Macintosh 2 blade can be used in children approxi¬ 
mately 17 kg. The Macintosh 3 blade can be used in pa¬ 
tients who weigh more than 25 kg. Each blade requires a 
different technique for exposing the glottis. When a 
straight blade is used, the epiglottis may be lifted with the 
tip of the blade and pressed against the base of the tongue 
(Figure 13-2). In contrast, the tip of the curved blade is 
placed in the vallecula, the space between the epiglottis 
and the base of the tongue. As the laryngoscope is pulled 
forward, it elevates the epiglottis and exposes the glottis 
(Figure 13-3). 6 Multiple blade types and sizes should be 
immediately available during any intubation procedure. 

Laryngeal Mask Airway 

The laryngeal mask airway (LMA; Figure 13-4)' is a useful 
alternative to a bag-mask apparatus. If endotracheal tube 
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FIGURE 13-2 Direct laryngoscopy using a straight (Miller) 
blade. 



FIGURE 13-3 Direct laryngoscopy using a curved (Macintosh) 
blade and demonstrating proper lifting technique. Note the 
upward and forward lift while the wrist is held straight. 


placement is unsuccessful, placement of an LMA can be 
used as a temporizing measure. It is essential to realize that 
the LMA does not provide a secure airway and that it may 
permit aspiration of gastric or oral secretions. 

The lubricated LMA is placed by itself into the pharynx 
above the epiglottis and can be used for gentie (<20 cm H 2 0) 



FIGURE 13-4 A laryngeal mask airway (LMA). 


TABLE 13-3 


Suggested Laryngeal Mask Airway Size Based on Weight 

Size Weight (kg) 


0.5 

Infants up to 2.5 

1 

2.5-5 

1.5 

5-10 

2 

10-20 

2.5 

20-30 

3 

30-50 

4 

>50 


positive-pressure ventilation. The deflated mask is manu¬ 
ally inserted into the patient’s mouth and guided blindly 
along the hard palate. It is advanced until resistance is 
encountered. (The distal tip of the LMA rests against the 
upper esophageal sphincter at this point.) The balloon is 
inflated to form a seal in the pharynx (the volume air to 
inflate in the balloon is stated on the outside of the LMA 
package). The LMAs come in different sizes, including 1, 
1.5, 2, 2.5, 3, and 4. Every emergency airway cart should 
have all sizes of LMAs available (Table 13-3). 

Suction Equipment 

Suctioning of the mouth and posterior pharynx before 
direct laryngoscopy facilitates viewing of the vocal cords 
if secretions are present. Suctioning of the endotracheal 
tube once placed clears the lower airway of secretions. Suc¬ 
tion equipment should include a tonsil-tip suction cathe- 
ter (e.g., Yankauer) and several standard sterile suction 
catheters. 

INTUBATION PROCEDURE 

The indication for endotracheal intubation will determine 
the most appropriate technique to use during the process 
of providing an airway for the patient. The options avail¬ 
able to the clinician are orotracheal intubation, nasal intu¬ 
bation, or awake intubation. Universal precautions (i.e., 
the use of gloves, a mask, and eye protection) should be 
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observed with all intubation procedures to reduce the risk 
of transmitting infectious diseases. 

Orotracheal Intubation 

The height of the patient’s bed should be such that the 
patient’s head is level with the laryngoscopist’s xiphoid 
process. This will allow direct visualization of the airway 
without putting undue physical stress or strain on the cli- 
nician. The occiput of babies and infants is larger than 
that of older children. A small roli placed under the shoul- 
ders of these younger patients facilitates viewing of the 
vocal cords during laryngoscopy. Direct laryngoscopy may 
be facilitated by placing a roli under the shoulders of any 
patient lying on a soft mattress. 

If the patient is breathing spontaneously, the applica- 
tion of 100% oxygen for 5 minutes with a bag and mask 
with 5 cm H 2 0 of PEEP is sufficient to fully oxygenate the 
lungs in the absence of lung disease. An amnestic agent, an 
analgesic agent, and a neuromuscular blocker are then 
administered to facilitate intubation. The use of external 
cricoid pressure by an assistant is controversial. 8 Properly 
held pressure over the cricoid pressure may or may not oc- 
clude the esophagus 9 and may or may not prevent the 
aspiration of gastric contents. Improperly held cricoid 
pressure may lead to distortion of the larynx and so make 
visualization of the larynx more difficult. 

If the patient has been adequately preoxygenated, then 
bag-mask ventilations should be avoided for the 45 to 60 
seconds that are needed for the neuromuscular blocker to 
provide muscle relaxation. Positive-pressure ventilation at 
this point may lead to insufflations of the stomach, which 
in turn lead to regurgitation and aspiration. Cricoid pres¬ 
sure is not needed if the patient does not receive bag-mask 
ventilations while he or she is paralyzed. The mouth and 
oropharynx are suctioned as needed. Laryngoscopy is then 
performed. 

Figure 13-5 illustrates the glottic structures as viewed 
through the laryngoscope. After visualizing the glottic 
opening, the appropriate-sized ETT is held in the right 
hånd and is introduced into the right side of the patient’s 
mouth to avoid obstructing the view of the glottic opening 
while placing the ETT. The tip of the ETT is advanced 
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FIGURE 13-5 Glottic structures viewed through the laryngoscope. 


through the glottic opening so that the single black ring is 
just distal to the opening of the glottis. If the ETT is 
marked with three rings, the ETT should be inserted until 
the double black ring is distal to the glottic opening. When 
inserting a cuffed ETT, the tube is advanced until the cuff 
is distal to the vocal cords. Any single attempt at intuba¬ 
tion should not exceed 30 seconds. In the event that intu¬ 
bation cannot be readily performed, the patient’s airway 
should be reestablished by bag-and-mask ventilation to 
ensure adequate oxygenation. 

The presence of vapor in the ETT is not an accurate test 
for proper ETT placement. Proper endotracheal, and not 
esophageal, placement of the endotracheal tube is con- 
firmed with sustained presence of end-tidal C0 2 . Capnog- 
raphy via a monitor is preferred over a single-use end-tidal 
device (Pedi-Cap; Nellcor, Boulder, CO). End-tidal C0 2 
should be monitored for at least five breaths after intuba¬ 
tion. Even endotracheal tubes placed in the esophagus 
may have transient detection of C0 2 as a result of the pres¬ 
ence of C0 2 in the stomach (which can occur because of 
bag-mask ventilations). 

The proper ETT position is in the midtrachea—that is, 
below the clavicle and 1 to 2 cm above the carina. The proper 
depth of the endotracheal tube can be estimated based on 
the size of the endotracheal tube used. Multiply the internal 
diameter of the endotracheal tube by 3 and tape the ETT at 
that centimeter mark at the lip (e.g., a 4.0-mm ETT should 
be taped at 12 cm at the lip). The proper length of the endo¬ 
tracheal tube can be estimated in premature infants accord- 
ing to their weight: add 6 to their weight in kg (e.g., in a 1- kg 
baby the ETT should be taped at 7). This formula cannot be 
used in children greater than 3 kg. Confirmation of the 
proper position of the endotracheal tube should be con- 
firmed with X-ray. Endotracheal tube depth formulas may 
not be accurate in patients with micrognathia or midface 
hypoplasia. 

The chest is auscultated after intubation as a method 
for assessing whether the ETT is in the trachea. Breath 
sounds should be heard bilaterally over the lateral chest 
wall. If breath sounds are auscultated over both the stom¬ 
ach and the chest wall, then the ETT is in the esophagus 
and should be pulled. It should be noted that auscultation 
is not the most accurate method of assessing proper ETT 
placement. The most accurate assessment of whether the 
ETT has passed into the trachea is direct visualization. 
Because direct visualization is not always reliable as a re¬ 
sult of the presence of secretions or airway swelling, ob- 
taining carbon dioxide via the use of a disposable end-tidal 
carbon dioxide (ETco 2 ) detector or by capnography is 
essential. 

The ETT is secured by preparing the skin with ben- 
zoin. Two strips of tape are cut long enough to reach 
from the lateral aspect of the right eye to the lateral as- 
pect of the left eye. Each piece is split into a Y shape with 
the arms of the Y two thirds the length of the tape. The 
tape should have a width that will easily fit on the upper 
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A Tape end that will wrap around tube is folded under 




Tape end that will wrap around tube is folded under 



FIGURE 13-6 Steps used to secure an endotracheal tube (hil) with tape. Steps A and B, Slit two pieces 
oftape, making a Y on one end ofeach piece (as shown). Turn under the end ofthe tape that will be wrapped 
around the hil. This will make tape removal easier. Step C, Apply benzoin to the area below the nose and 
across the cheeks (where tape will be placed). Attach one piece oftape to the cheek and below the nose, 
wrapping the bottom ofthe Y around the hil. The tape should be placed under the tube (chin side) first, 
and then wrapped around the top ofthe tube. Step D, Repeat step C on the other side ofthe face. 


Box 13-1 


Equipment for Endotracheal Tube 
Stabilizatlon 


Alcohol 

Tineture of benzoin 
Scissors 
Adhesive tape 

Two precut Y-shaped pieces 


lip and around the ETT. One end of the tape is secured to 
the cheek and wrapped around the tube in “barber pole” 
fashion (Figure 13-6). The necessary equipment (Box 13-1) 
for securing the ETT is assembled before attempting in- 
tubation. Other taping methods may be used to secure 
the ETT, as long as the method can be performed by all 
personnel involved in airway care and is fast and secure. 
The centimeter mark at which the ETT is secured must be 
recorded to allow assessment of proper position at a later 
time if needed. 

Various devices are available to secure the ETT as an al¬ 
ternative to using tape. Figure 13-7 illustrates an example 
of one of these devices. When selecting a device to secure 
the tube, it is important that it does not occlude access to 
the mouth, provides minimal tube movement when the 
head moves, and secures without creating uleers at pressure 
points. In addition, the same rules apply as with taping 



FIGURE 13-7 The NeoBar. A commercial adaptation ofthe 
Logan bow for stabilizing an infant endotracheal tube. 


methods: fast, easy, and can be applied by all personnel. 
Evidence that these devices help reduce the incidence of ac- 
cidental extubations is inconclusive. Flowever, it does sug¬ 
gest that the devices may be more effeetive on a small infant 
than on a larger infant or child. 10,11 
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Nasotracheal Intubation 

Once a patent and stable airway has been established by 
the orotracheal route, switching to a nasal tube can follow. 
The patient’s nares are prepared by spraying a vasocon- 
strictive agent, such as phenylephrine or oxymetazoline, 
into the opening. These drugs decrease mucosal swelling 
and inflammation. An ETT of a size that will pass easily 
through the nares is used. Depending on the patient’s 
anatomy, this may either be the same size as the tube se- 
lected for orotracheal intubation or 0.5 mm smaller. 

The tube is lubricated with either petroleum jelly or 2% 
lidocaine jelly. The tube is then inserted into the nares 
until approximately one half of it has passed through the 
nose. While an assistant holds the existing oral ETT in the 
left corner of the mouth, the glottis is exposed in the same 
manner as for orotracheal intubation. Once the nasal tube 
is visualized in the hypopharynx, the tip of the tube is 
grabbed with McGill forceps held in the right hånd and 
the nasal tube is lifted up and in front of the opening to 
the larynx. When direct visualization of the glottic open¬ 
ing is ensured, the assistant is asked to remove the orotra¬ 
cheal tube while the nasotracheal tube is simultaneously 
advanced into the trachea. The centimeter mark at the 
nares is noted and the ETT is taped securely in place. The 
major contraindications to nasotracheal intubation are a 
bleeding diathesis, such as thrombocytopenia, abnormal 
clotting times, facial trauma, suspected basilar skuli frac- 
ture, and abnormal anatomy such as choanal atresia. 

Blind Nasal Intubation 

The larynx of an infant or small child is anterior and 
cephalad, making intubation more difficult in general. 
This anatomical difference between adults and children 
makes attempts at blind nasal intubation almost uni¬ 
formly unsuccessful. Wisdom dictates that attempts at a 
blind nasal intubation be vigorously discouraged, because 
of the potential for damaging the airway. 

Oral Versus Nasal Intubation 

Disadvantages to nasal intubation include a predisposi- 
tion to sinusitis, pressure necrosis of the nares, and bleed¬ 
ing complications associated with passing the ETT 
through the nares and upper airway. 

Approaches to the Difficult Airway 

Some children may present challenging anatomical or 
physiological problems that may make intubation difficult 
or impossible. Congenital causes of a difficult airway in¬ 
clude the presence of micrognathia, retrognathia, midface 
hypoplasia, limited mouth opening, space-occupying le¬ 
sion of the mouth, and limited cervical spine mobility (e.g., 
as a result of Klippel-Feil syndrome). Patients with a muco- 
polysaccharidosis (Hunter’s syndrome or Hurler’s syn¬ 
drome) may have several sites of airway obstruction and be 
extremely difficult to intubate. Children with craniofacial 
syndromes (e.g., Treacher Collins syndrome or Pierre 


Robin syndrome) are assumed to have a difficult airway, 
even if they have undergone jaw advancement. Acquired 
causes of a difficult airway include limited mouth opening 
as a result of decreased temporomandibular joint mobility 
(as may occur in rheumatoid arthritis or muscular dystro- 
phy), orofacial trauma, trauma to the neck, hematoma of 
the neck, and infections either of the anterior neck or the 
epiglottis. Patients with a history of burns or radiation to 
the face or neck are very difficult to intubate. The clinician 
should always have additional options available to secure 
the airway in the event that orotracheal intubation is not 
successful. An LMA should be readily available during in¬ 
tubation attempts. A fiberoptic laryngoscope greatly facili- 
tates intubation of patients with a difficult airway. 12 It is 
best to learn how to use the fiberoptic laryngoscope on 
patients with a normal airway before using this device on 
patients with an abnormal airway. This is true for any dif¬ 
ficult airway adjunct device. If it is known that a patient 
will be difficult to intubate, it is best not to paralyze the 
patient and to have an anesthesiologist or ear, nose, and 
throat (ENT) surgeon available to assist intubation if intu¬ 
bation attempts are unsuccessful. It is essential that no 
more than three attempts be made at direct laryngoscopy 
of any patient. A “cannot intubate” scenario can devolve 
into a “cannot ventilate” (i.e., cannot bag-mask ventilate) 
scenario if the airway is traumatized by multiple intuba¬ 
tion attempts. Flexible fiberoptic intubation, retrograde 
intubation, and cricothyroidotomy require the advanced 
airway skilis of either an anesthesiologist or ENT surgeon. 

Emergency Tracheotomy 

In the infant and small child it is preferred to perform 
a tracheotomy after the airway has been secured. Cir- 
cumstances in which endotracheal intubation may be 
difficult or impossible include severe trauma or hemor- 
rhage, craniofacial problems, and the newborn with 
complete laryngeal obstruction. Alternative approaches 
to securing the airway are dictated by the urgency of the 
clinical situation and the age of the patient. These in¬ 
clude tracheotomy under local anesthesia, mask ventila¬ 
tion, or cricothyroidotomy. 

Epiglottitis 

Since the Haemophilus influenzae type B (Hib) vaccine was 
introduced in the United States in 1988, the frequency of 
epiglottitis has decreased dramatically. Between the years 
1987 and 1995, the incidence of Hib disease in children 
younger than 5 years decreased by 96%. 1 Today epiglottitis 
is a rare disorder, and experience with its emergency man¬ 
agement is declining. 

Epiglottitis is a true pediatric emergency. The child 
with clinical manifestations of epiglottitis (drooling, stri- 
dor, and respiratory distress) should not undergo a visual 
examination in the emergency department. The child 
should not be stimulated and should be kept as calm as 
possible. If the patient is stable, a soft-tissue lateral neck 
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FIGURE 13-8 Lateral soft-tissue neck radiograph revealing 
epiglottitis. 

radiograph (Figure 13-8) can be performed. Radiological 
tindings include thickening of the epiglottis and aryepi- 
glottic folds and the classic “thumbprint” sign. If the pa¬ 
tient is not stable or if the diagnosis of epiglottitis has 
been made, then the patient should be immediately trans¬ 
ported to the operating room to be managed by an ENT 
surgeon and an anesthesiologist. 

Laryngotracheal Stenosis 

Children with laryngotracheal stenosis who do not have a 
tracheotomy may require intubation. The severity of the 
stenosis may dictate the approach used to access the airway. 
Plain magnified soft-tissue radiographs may show subglot- 
tic narrowing or long-segment tracheal stenosis. In cases of 
mild subglottic stenosis the patient may be intubated 
orally, but it is essential to start with an endotracheal tube 
size at least one smaller than the age-appropriate tube and 
air leakage must be checked. A leak between 10 and 20 cm 
H 2 0 during the time of intubation is necessary so that fur- 
ther damage is not incurred. If the air leak is greater than 
20 cm H 2 0, a smaller tube should be placed. In cases of se- 
vere laryngotracheal stenosis, an LMA may be used; occa- 
sionally, as an alternative, an emergency tracheotomy may 
be performed. 

Artificial Airway Cuff Management 

If a cuffed ETT or tracheostomy is used, the cuff is inflated 
once proper placement of the artificial airway is ensured. If 
the patient has a large leak with the cuff deflated, then the 
cuff is inflated to minimal leak (see the next paragraph). 
To inflate the cuff, a S- or 10-ml syringe is attached to the 
pilot balloon and gradually air is added to the cuff. Posi¬ 
tive pressure applied through the ETT should produce an 
audible escape of air, or leak, at less than or equal to 20 cm 
H 2 0. The larynx should be auscultated to confirm the 


leak. Intracuff pressures are maintained at less than 20 to 
25 cm H 2 0 because higher pressures are associated with 
ischemia and necrosis of the tracheal mucosa and can lead 
to tracheal stenosis. Cuff inflation may cause vocal cord 
necrosis if the cuff is positioned at the level of the vocal 
cords as may occur with cuffed endotracheal tubes that are 
not Microcuff tubes. 

Cuff pressures should be checked approximately every 
8 hours to guarantee that the pressure does not exceed the 
recommended levels. If a cuff pressure-measuring device is 
not available, the minimal leak test can be performed. To 
inflate the cuff to minimal leak, the cuff is inflated until no 
air leak is noted during the application of positive pres¬ 
sure. Then a small amount of air is withdrawn from the 
cuff until a slight leak is auscultated. 

If large amounts of air are required in the cuff and a 
leak persists, one of two possibilities exists: (1) The cuff is 
damaged or (2) it has not been completely advanced 
through the cords. The latter problem can be identified by 
direct laryngoscopy. In patients younger than 8 years, the 
cricoid cartilage, the narrowest portion of the airway, 
serves as a functional cuff. Once again, the clinical situa¬ 
tion may direct the clinician to use a cuffed or uncuffed 
ETT, depending on need. 

Patient Monitoring 

Continuously evaluating the patient undergoing intuba¬ 
tion is essential to ensure a safe and effective outcome. 
Before the airway is manipulated, the heart rate, biood 
pressure, and oxygen saturation should be monitored and 
recorded. The patient’s heart rate, biood pressure, and 
oxygen saturation should be monitored continuously. A 
continuous electrocardiogram monitors the heart for ar- 
rhythmias. A single individual should be made responsible 
for the task of monitoring the patient continuously dur¬ 
ing the procedure. If, at any time, acceptable values or 
rhythms are breached, the clinician should be warned and 
attempts at intubation stopped. The airway should be 
reestablished using a bag and mask. 

Complications 

Serious complications from endotracheal intubation may 
occur at any time during or after the intubation procedure. 
Immediate complications include hypoxia caused by pro- 
longed intubation attempts, loss of the airway, esophageal 
intubation, and mainstem intubation in a patient with 
lung disease. Airway trauma may occur during multiple 
attempts at intubation. Any patient with suspected perfo- 
ration or laceration of the pharynx or larynx should be 
evaluated by an ENT surgeon. Bradycardia may occur dur¬ 
ing intubation attempts and usually is due to hypoxia. 
Stimulation of the carina by the endotracheal tube causes 
reflex bradycardia. Bronchospasm may occur during at¬ 
tempts at intubation. Laryngospasm is rare outside the 
operating room. Hypotension responds to the administra¬ 
tion of crystalloid. 
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EXTUBATION 

The most important question to consider when evaluating 
a patient for extubation is whether there has been im- 
provement in or reversal of the disease process that ini¬ 
tially mandated the intubation. Before extubation, the 
patient must be hemodynamically stable, must be able to 
breathe spontaneously with an adequate tidal volume and 
respiratory pattern, and must have adequate neurological 
integrity to protect the airway. 

Hemodynamic stability is manifested by normal capil- 
lary refill, urine output, and biood pressure. The patient 
should be alert and awake with evidence of adequate 
muscle strength. In addition, adequate airway protective 
reflexes include being able to gag, swallow, and cough. 

Accidental Extubation 

Risk factors associated with accidental extubation include 
failure to secure the ETT properly, lack of adequate seda- 
tion, failure to provide adequate restraint, and the perfor- 
mance of a procedure, such as chest radiography, on a 
patient. 

Equipment 

As with the intubation procedure, anticipation and prepa- 
ration are essential in accomplishing a smooth extubation. 
The equipment necessary for extubation includes a bag- 
and-mask setup, suction equipment, adhesive remover, 
and all the equipment previously listed for intubation (see 
Table 13-1). This ensures a proactive approach to patient 
care in the event that the patient does not tolerate extuba¬ 
tion and requires reintubation. 

Procedure 

Pulmonary function is optimized by administering aero- 
solized (3-agonists as needed and suctioning the orophar- 
ynx and trachea before extubation. If the patient has been 
receiving enteral feedings, the feedings are discontinued 
for at least 6 hours before the planned extubation. 

If a cuffed tube is in place, the cuff should be deflated. 
While the ETT is held in place, the tape is removed from 
the face and tube with an adhesive remover. One large 
breath is administered, and the ETT is withdrawn from the 
trachea near peak inflation. The majority of patients will 
then cough and begin to breathe spontaneously. It is not 
unusual, especially in small children, for a short interval of 
breath holding to occur. Oxygen is administered by the 
most appropriate delivery device, such as a nasal cannula, 
face tent, face mask, or oxyhood. The oxygen concentra- 
tion is titrated to maintain an oxygen saturation level that 
is clinically indicated. 

Complications 

Sore throat and hoarseness are common complaints after 
extubation. The presence of an ETT may cause edema of 
the laryngeal structures. Once extubation is successfully 


accomplished, postextubation stridor can develop within 
minutes and usually peaks within 8 hours. This condition 
has been well described and occurs often in the pediatric 
population. Corticosteroids, aerosolized racemic epineph- 
rine, and helium-oxygen mixtures have all been used to 
treat this complication. 14,15 A meta-analysis of the use of 
corticosteroids in the prevention of reintubation and 
postextubation stridor did not show any statistically sig- 
nificant difference in reintubation rates, but there was a 
significant decrease in stridor. 14 

Nasal Mask Ventilation, Heliox 

To ease the transition to spontaneous ventilation or when 
there is residual upper airway obstruction, noninvasive 
positive-pressure mask ventilation may be helpful. A nasal 
face mask that fits over the nose and mouth is used to de¬ 
liver both inspiratory and expiratory pressure. The BiPAP 
(bilevel positive airway pressure) system may be a useful 
method to transition the patient to spontaneous respira¬ 
tion after extubation. In the event that a fixed narrow 
opening such as in subglottic stenosis is the cause of dif- 
ficulty, then a helium-oxygen mixture (heliox) may be 
beneficial. Its lower density may reduce the viscosity of 
airflow and decrease airway resistance. Mixtures of helium 
to oxygen are available as 80% helium-20% oxygen and 70% 
helium-30% oxygen. Additional oxygen can be titrated 
into these mixtures; however, as the concentration of oxy¬ 
gen increases, the density of the gas decreases, and so does 
the agent’s efficacy. When the upper airway obstruction 
has resolved, one can then gradually wean the heliox. 

Extubation Failure 

The best predictor of successful extubation is a successful 
spontaneous breathing trial. 16 Successful extubation ap- 
pears to be inversely related to the duration of the intuba¬ 
tion period. 16,1 A child who cannot successfully extubate 
may need to be evaluated for cause of failure and airway 
obstruction. Checking an air leak before extubation is of¬ 
ten done to assess for airway edema but may not predict 
successful extubation. 18 Use of dexamethasone is often 
recommended, particularly when no air leak is audible at a 
pressure of 25 cm of H 2 0 before extubation, and may have 
some benefit in children, but the studies are inconclu- 
sive. 19,20 Consultation with a pediatric otolaryngologist 
may be indicated. 

Evaluation of stridor may include examination of the 
airway in the operating room with direct laryngosocopy 
and bronchoscopy. The most common cause of extubation 
failure is soft tissue swelling of the larynx and subglottis or 
more chronic inflammation such as vocal cord granulato- 
mata. Often these can be managed with conservative med- 
ical therapy and reintubation with a smaller tube followed 
by a repeat bronchoscopy. Persistent lesions can be man¬ 
aged with excision or balloon dilation in cases of isolated 
soft-tissue edema. 21 In some cases, it may be beneficial to 
perform an awake examination at the bedside before 
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reintubation. This will allow for diagnosis of dynamic air¬ 
way lesions such as laryngomalacia or vocal cord mobility 
problems. When injuries or inflammation progresses to a 
more mature stage, stenosis ensues. In the diagnosis of a 
lower airway lesion such as subglottic narrowing caused by 
edema, subglottic cysts, or subglottic stenosis, bronchos- 
copy is necessary. 

The degree of subglottic stenosis is determined by using 
endotracheal tubes to estimate the size of the larynx. This 
is performed under general anesthesia at laryngoscopy or 
can be estimated if the patient is intubated with an un- 
cuffed endotracheal tube. The appropriate size tube for a 
child of that age will leak at less than 25 cm of H 2 0 pres¬ 
sure. The Cotton-Myer grading chart estimates percent of 
airway obstruction. These are subdivided into grades I to 
IV, where four represents no detectable lumen. The degree 
of obstruction helps direct therapy and can predict success 
or failure of different treatment regimens. It also provides 
a framework to allow clinicians to compare data and out- 
comes. 22 In the specific case of neonates with isolated sub¬ 
glottic stenosis, anterior cricoids split can be effective at 
achieving extubation. In cases of airway obstruction 
caused by subglottic stenosis and other critical airway ob¬ 
structions, tracheostomy or laryngotracheal reconstruc- 
tion may be indicated. 

TRACHEOTOMY 

The child who is not a candidate for extubation or airway 
reconstruction may require a tracheostomy. The term tra- 
cheotomy generally describes the actual incision into the 
trachea. A mature opening in the neck is usually described 
as a tracheostomy. Many names exist for the tube that is 
placed in the opening, but by general consensus a panel of 
experts agree on the term tracheostomy tube. 14 The decision to 
perform a tracheostomy is based on the future airway prog- 
nosis, as well as on the family’s ability to care for an artificial 
airway at home. Before proceeding with a tracheotomy the 
risks as well as the significant burden for the family must be 
considered. Communication with the family and patient 
when appropriate is important early on in the decision mak- 
ing process. It is essential to provide families and patients 
with information about tracheostomy tubes, their care, 
complications as well as any alternatives that may exist to 
allow for the best decision making. Whenever possible, it is 
important to assess the family’s ability to communicate and 
comprehend the implications of this life-changing event. 2 ’ 
They should be given the opportunity to participate in the 
process whenever time and the patient’s health status per- 
mits. Because these patients disproportionately have multi¬ 
ple medical problems, using a family-centered approach 
may have benefits for these patients. 26-28 

Tracheotomy Indications 

The main indications for tracheotomy in infants and chil- 
dren are airway obstruction, long-term ventilation, and 


pulmonary hygiene or other neurological conditions ne- 
cessitating pulmonary hygiene. 29,30 Children with congeni- 
tal or acquired upper airway obstruction may require a 
tracheotomy at an early age if extubation cannot be accom- 
plished. Congenital laryngeal stenosis, which varies in se- 
verity, may require a tracheotomy at an early age or even in 
the delivery room. Because many of these patients require 
intubation, many cases of presumed acquired subglottic 
stenosis may in faet be congenital in nature. 31 Nonetheless, 
laryngeal and subglottic stenosis are more often acquired 
after intubation and remain a common cause of subglottic 
stenosis, the most common site of airway obstruction 
leading to failure to extubate. This number has inereased 
since the 1970s as a result of the inereasing incidence of 
prolonged intubation of neonates. 32 Smaller airways in the 
very young are far more likely to be symptomatic with even 
mild areas of narrowing. In faet, the majority of tracheos- 
tomies are performed in the first year of life. 33-35 

True vocal cord paralysis is a common cause of stridor, 
airway obstruction, and failure to extubate in children. 
Bilateral vocal cord paralysis, is less common than unilat¬ 
eral and is usually idiopathic. 36 These children regularly 
experience severe airway obstruction and require tracheos¬ 
tomy. Spontaneous recovery does occur, 3 but often not 
within the first year. 38 However, the most common identi- 
fiable causes are usually secondary to central nervous sys¬ 
tem problems, such as Arnold-Chiari malformation This 
type of true vocal cord paralysis may resolve after correc- 
tion of the Chiari malformation. Bilateral true vocal cord 
paralysis can be a manifestation of a neuromuscular disor- 
der. The prognosis in these cases depends on the nature of 
the underlying cause. 39 

More often, vocal cord paralysis is unilateral and ac¬ 
quired after a surgical procedure somewhere along the 
route of the recurrent laryngeal nerve, from skuil base to 
the upper chest. 36 The most common of these procedures 
are performed for congenital heart disease, usually involv- 
ing repair of the aortic arch. 40 Rarely do these children 
require tracheostomy. The patients ultimately requiring 
tracheostomy were far more likely to require tracheostomy 
for other reasons, such as failure to wean from the ventila¬ 
tor, and had high rate of comorbidities. 41 Tracheostomy 
has a high mortality rate in patients undergoing surgeries 
for congenital heart disease, and this greatly impacts deci¬ 
sion making in these complex patients. 41 In many cases the 
vocal cord paralysis resolves within months, but some- 
times it takes as long as several years. Around one third 
will resolve spontaneously. Nearly half will experience aspi¬ 
ration but often with a good-quality voice. 42 

Premature children with bronchopulmonary dysplasia 
may require a tracheotomy for long-term ventilation. This 
is a common indication for tracheostomy in children 
younger than 1 year and has been inereasing in the past 
few years as a result of inereased survival of preterm in¬ 
fants. 43 Children with severe dysphagia and neuromuscu¬ 
lar disease who have trouble managing secretions may be 
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prone to chronic aspiration and recurrent pneumonia. 
These children may benefit from tracheostomy for pulmo- 
nary toilet and improved quality of life. Less commonly, 
tracheostomy is required in patients with severe airway 
obstruction leading to obstructive sleep apnea that cannot 
be relieved surgically or cannot be managed with noninva- 
sive ventilation such as bilevel positive airway pressure 
(BiPAP) or continuous positive airway pressure (CPAP). In 
rare cases, critically ill children or children requiring mul¬ 
tiple surgical procedures who are difficult to intubate be- 
cause of complex airway anatomy may require tracheos¬ 
tomy. This is most common in children with complex 
craniofacial anomalies 44 or severe craniofacial trauma. 45 

The decision to perform tracheostomy is often complex 
and should involve multidisciplinary input from involved 
physicians and providers. These should include but are not 
limited to pediatric specialists in intensive care medicine, 
otolaryngology, pulmonology, sleep medicine, anesthesia, 
craniofacial surgery, and pediatric and cardiothoracic sur- 
gery. A multidisciplinary approach to the management of 
children requiring tracheostomy may lead to better patient 
outcomes. It has been shown that use of a tracheostomy 
care protocol developed with multidisciplinary input leads 
to decreased morbidity and mortality and reduced time to 
decannulation. 46,4 " Use of the consultative services of a 
tracheostomy specialist in the decision-making process for 
the team, staff, and family is appropriate whenever avail- 
able at your institution. 

Tracheostomy Tubes 

Tracheostomy tubes come in various dimensions and ma- 
terials, and selecting an appropriately sized tracheostomy 
tube is an important issue before placement. The age, size, 
and medical condition of the patient, as well as the indica- 
tion for the tracheostomy, determine the type of tracheos¬ 
tomy tube selected. Tracheostomy tubes come in various 
sizes, which are usually chosen on the basis of age. Trache¬ 
ostomy tubes have three dimensions: inner diameter, outer 
diameter, and length. The size of the tracheostomy tube 
reflects the inner diameter of the tube similar to endotra- 
cheal tubes. The depth of the tube from the flange to its tip 
is the measurement of the length of the tube. Standard- 
sized tracheostomy tubes for children come in two groups 
based on different lengths. Neonatal tracheostomy tubes 
are shorter, ranging from 30 to 34 mm. Tubes intended for 
older children are longer, starting at 38 mm in length. 
When a longer or shorter length of tracheostomy tube is 
needed, a specialized or custom tracheostomy tube can be 
ordered. Other modifications are available in special-order 
tubes, such as various options for the shape of the flanges 
and different angles of the shaft of the tube. 48 Use of these 
custom tubes may warrant consultation with a tracheos¬ 
tomy specialist, a specialty nurse or nurse practitioner, or 
possibly a pediatric otolaryngologist or pulmonologist. 
The dimensions of three common brands of tracheostomy 
tubes are compared in Table 13-4. 


When selecting a tube, in addition to the size, the shape 
and composition must be considered. Plastic tubes are gen¬ 
erally used in pediatric patients. 5 Plastic tubes are made of 
polyvinyl chloride, which is rigid. Some studies suggest there 
may be slow leakage of phthalates from these types of sub- 
stances, which may be toxic to a patient over time. 49,50 
Another brand of tracheostomy tube is routinely made of 
silicone, which may be softer and is a relatively inert sub- 
stance. However, some of these tubes require wire reinforce- 
ment, which may limit their Utility during imaging, but they 
may be more flexible. Some clinicians will replace one mate- 
rial with another to try to combat problems such as pressure 
ulcers or granulation tissue. In a tortuous airway, a more 
flexible tube may reduce pressure in areas of contact; chang- 
ing the arc of the tube may reduce pressure, specifically on 
the posterior wall, for example. In patients prone to forming 
granulation tissue, changing to a potentially less inflamma- 
tory material may reduce this complication. 

A cuffed tracheostomy tube may be needed for a child 
requiring higher ventilatory pressures for chronic lung 


TABLE 13-4 


Dimensions of Three Commonly Used Brands of 
Tracheostomy Tube 


Cannula 

Inner 

Diameter 

(mm) 

Outer 

Diameter 

(mm) 

Length of 
Cannula 
(mm) 

Shiley 

3.0 Neonatal 

3.0 

4.5 

30 

3.5 Neonatal 

3.5 

5.2 

32 

4.0 Neonatal 

4.0 

5.9 

34 

3.0 Pediatric 

3.0 

4.5 

39 

3.5 Pediatric 

3.5 

5.2 

40 

4.0 Pediatric 

4.0 

5.9 

41 

4.5 Pediatric 

4.5 

6.0 

42 

5.0 Pediatric 

5.0 

7.1 

44 

5.5 Pediatric 

5.5 

7.7 

46 

Portex 

3.0 

3.0 

5.0 

36 

3.5 

3.5 

5.8 

40 

4.0 

4.0 

6.5 

44 

4.5 

4.5 

7.1 

48 

5.0 

5.0 

7.7 

50 

5.5 

5.5 

8.3 

52 

Bivona Neonatal Cuffless* 

2.5 2.5 

4.0 

30 

3.0 

3.0 

4.7 

32 

3.5 

3.5 

5.3 

34 

4.0 

4.0 

6.0 

36 

Bivona Pediatric* 

2.5 

2.5 

4.0 

38 

3.0 

3.0 

4.7 

39 

3.5 

3.5 

5.3 

40 

4.0 

4.0 

6.0 

41 

4.5 

4.5 

6.7 

42 

5.0 

5.0 

7.3 

44 

5.5 

5.5 

8.0 

46 


*From Smiths Medical (St. Paul, MN). 
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disease or acute pulmonary inflammation/ There are 
three basic types of cuffs: high volume, low pressure; 
foam; and tight to shaft. The first two are inflated with air, 
whereas the last requires sterile water. 28 The type of cuff to 
be used is decided by the team and ordered specifically for 
each patient. It is important to avoid overinflation of the 
cuff. This may lead to any number of complications. Ini¬ 
tially, it may misalign the tube in the airway or eventually 
cause the cuff to leak. Over time, an overinflated cuff 
may create contact points in the distal airway, leading to 
ulcerations, granulation tissue, or ultimately stenosis or 
scarring. It may be helpful to visualize the tracheotomy 
endoscopically with the cuff inflated with the usual 
amount of water or air to avoid such positioning prob¬ 
lems. If the cuff appears tight, then less air or saline 
should be used. Some cuffs may not inflate in a symmetri- 
cal way, particularly when partly inflated, which may lead 
to asymmetrical positioning in the airway. Foam cuffs are 
usually reserved for special ventilation situations such as 
jet or oscillating ventilation, which requires much higher 
pressures to reduce the leak during inspiration. The cuff 
inflation can be varied with the ventilator to allow for air 
exit during expiration. This greatly reduces the amount of 
time the trachea is exposed to pressure. 48 Prolonged expo- 
sure to increased pressure can lead to tracheal dilation or 
“tracheomegaly.” 52 Careful management of the tube size 
and cuff may prevent this complication. Cuff pressure 
should be checked regularly and adjusted as needed. Near 
consensus was reached regarding this concept in a recent 
tracheostomy clinical consensus statement by an expert 
panel. 28 Use of minimal leak technique to minimize cuff 
pressures, as outlined earlier in the use of endotracheal 
tubes, is a way to determine adequate cuff inflation. 

Several types of tracheostomy ties may be used by care- 
givers. These include tracheotomy string or cotton twill 
tape, synthetic fleece like material with a Velcro fastener 
(Figure 13-9), and metal chain. The latter two facilitate 
cleaning and are easier to remove in an emergency How- 
ever, they may also be easier for the patient to remove and 
lead to inadvertent decannulation. Each has its advantages 
and disadvantages and depends on the preference of the 
caregiver and needs of the individual patient. 

Procedure and Technique 

There are special concerns with respect to tracheostomy in the 
infant and small child. Although percutaneous tracheostomy 



FIGURE 13-9 Diagram of a tracheostomy securing system with 
Velcro ties. 


has been performed in few small series in pediatric 
patients, it has not been widely accepted because of the 
potential increase in complications. 83 First, the anatomical 
characteristics of this population make it more difficult to 
localize the trachea than in adults. The major landmarks, 
including the cricoid and thyroid cartilage, are not promi¬ 
nent and in very young infants are often completely cov¬ 
ered by the hyoid bone. The trachea is smaller, is not as 
superficial, and is more mobile. In neonates, a large thy- 
mus may cover the anterior trachea, making surgical 
access more difficult. Rapid placement of a tracheostomy 
tube through the cricothyroid membrane or cricothyroid- 
otomy is not advisable in an infant or small child because 
of the risk of vocal cord or laryngeal injury but may be 
performed in an emergency in an older child or adolescent. 

Elective tracheostomy in infants and small children 
should be performed under controlled circumstances, usu¬ 
ally with general anesthesia and ideally with an endotra¬ 
cheal tube in place. If the airway is not already established, 
or if the child has had prolonged intubation or has failed 
a trial of extubation, then the child may undergo bron- 
choscopy and intubation before tracheostomy. There may 
be instances, such as impeding airway compromise, when 
a tracheostomy is performed in older children or adoles- 
cents with the use of local anesthesia. A child may be main- 
taining his or her airway but may decompensate with in- 
duction of anesthesia or attempt at intubation. Cautious 
use of sedation and/or anxiolytics may be a useful adjunct 
in this situation. This should be avoided in small children. 
The airway can be managed by mask ventilation or by us- 
ing a laryngeal mask airway in place of an endotracheal 
tube when intubation is not possible. This option may be 
particularly useful when performing a tracheostomy on a 
patient with a difficult airways, such as in patients with the 
Pierre Robin sequence. When flexible fiberoptic intubation 
is not possible because of a small jaw or reduced jaw open- 
ing, it can sometimes be successfully accomplished 
through a laryngeal mask airway in certain situations. 54 
Challenging intubations such as these often require 
advanced airway management skiils, and the most experi- 
enced people available should be notified. 

Once the airway is established, the child is positioned 
for tracheotomy. A shoulder roli is used for hyperexten- 
sion. The anesthesiologist is at the patient’s head and has 
access to the airway at all times. An incision is made 
through the skin and subcutaneous tissue either in a 
transverse or vertical fashion. The strap muscles are sepa¬ 
rated to identify the midline, and careful midline dissec- 
tion is performed to expose the trachea. The cricoid and 
then the upper tracheal cartilages are identified. Often the 
isthmus of the thyroid giand mus t be divided to expose the 
upper tracheal rings. The tracheostomy tube is usually 
placed between the second and fourth tracheal rings, de- 
pending on ease of exposure and size of the trachea and 
tube to be placed. Two stay sutures are placed on either 
side of the midline. These sutures are used to access the 
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airway and readily locate the tracheostomy incision in the 
case of accidental decannulation and are usually removed 
at the time of the first tracheostomy tube change. A verti- 
cal midline incision is made through the middle of the 
tracheal rings between the sutures, which may expose 
the tip of the endotracheal tube. It is customary to have 
the anesthesiology team pull up the tube just above the 
tracheotomy site, maintaining intubation until the new 
airway is secure. This may not always be possible. 

The tracheostomy tube is inserted and the obturator is 
removed. The anesthesia circuit is transferred from the 
endotracheal tube to the trachesotomy tube. Bag ventila¬ 
tion may be used at this juncture. One should see a normal 
C0 2 tracing on the monitor as well as bilateral chest wall 
movement with ventilation. Anesthesia may auscultate in 
both axilla for bilateral breath sounds. Some surgeons 
prefer to immediately check the position of the tracheos¬ 
tomy tube above the carina using a flexible endoscope. 
This technique can also be used to estimate the distance of 
the tip of the tube from the carina. These examinations 
should be repeated after removing the shoulder roil and 
releasing the patient from neck extension because this may 
reposition the tracheostomy tube lower in the airway. In- 
traoperative flexible endoscopy examination through the 
tube may obviate the need for postoperative chest X-ray 
examination barring any signs of respiratory difficulty or 
complications. 55 The tracheostomy is usually secured with 
cotton twill ties in pediatric patients. Less commonly, 
some surgeons prefer to suture new tracheostomy tubes in 
place until the first tracheostomy change. The first trache¬ 
ostomy tube change is usually done within the first week 
after the procedure. 22 

Postoperative Care 

It is customary to obtain a chest radiograph immediately 
after surgery; however, this may not be necessary for all 
patients. 2 Immediate postoperative problems include 
bleeding, pneumothorax, subcutaneous emphysema with 
expansion of soft tissues, and, rarely, pulmonary edema. 
Any of these can lead to respiratory distress and ventila¬ 
tion problems. Chest radiographs should certainly be con- 
sidered in the face of any respiratory problems or other 
serious immediate postoperative complication. If the pa¬ 
tient required mechanical ventilation before the proce¬ 
dure, the ventilator settings may need to be adjusted to 
accommodate the changes in the patient’s airway physiol- 
ogy after trachesotomy tube placement. 

It is during the immediate postoperative period, before 
healing of the surgical site and formation of the fistula 
tract from the skin to the trachea, that the child is at the 
highest risk for inadvertent decannulation. This is best 
avoided by admission to an intensive care unit with seda- 
tion as needed to avoided agitation and thrashing. Analge- 
sia is also appropriate in the first few days after a potentially 
painful surgical procedure. Antibiotics are not routinely 
recommended unless there is evidence of an underlying 


infection or there is another indication for perioperative 
use. Postoperative care should include regular suctioning 
as needed. There are often more secretions and biood in the 
trachestomy tube in the postoperative period. If the patient 
is able to be weaned from the ventilator, humidified air can 
help reduce the risk of tracheostomy secretions drying in 
the lumen of the tube. Excellent pulmonary hygiene and 
secretion management is important to avoid mucous plug- 
ging that might necessitate an early urgent tracheostomy 
tube change. 

Pressure sores or skin breakdown can occur at the 
superior border of the sternum, under the chin or circum- 
ferentially around the neck, which can lead to serious 
complications, especially in the critically ill child. The 
stoma site should be cleaned with care. Usually, normal 
saline is all that is needed. This practice varies widely from 
institution to institution. However, wound care is essential 
to successful healing in the postoperative period, with suc¬ 
tioning of the tracheostomy tube as well as around the 
trach site as needed to avoid skin breakdown. Padding or 
dressings placed under the flanges of the tracheostomy 
tube may need to be avoided to allow visualization of the 
surgical site and to prevent early decannulation. However, 
skin padding or dressings may become necessary to pre¬ 
vent progression of skin breakdown. Multiple devices are 
available that can be safely employed to minimize pressure 
on the skin at the tracheostomy site and, when used as part 
of a standardized practice, readily prevent skin break¬ 
down. 26 At the discretion of the surgical service who placed 
the tracheostomy tube, the ties can be changed if they be¬ 
come excessively soiled or crusted or if swelling occurs and 
they become too tight. 

The surgical team who performed the procedure are 
usually the ones who perform the first tracheostomy tube 
change about 1 week postoperatively. They can then deter- 
mine that adequate healing and tract formation have oc- 
curred, allowing for staff to begin family education and 
performance of routine tracheostomy tube changes and 
tracheostomy care. Should respiratory distress, ventilation 
problems, inadvertent decannulation, or any respiratory 
emergency arise before this planned tracheostomy tube 
change, notification of the surgical team who placed the 
tracheostomy tube is appropriate. It is important that ap¬ 
propriate equipment is readily available at the bedside or 
immediately within reach to the providers in such an in- 
stance. 2 These include but are not limited to the obtura¬ 
tor of the tracheostomy tube that is in place, spare inner 
cannulas if applicable, spare tracheostomy tubes of the 
same size and smaller if available, appropriately sized suc- 
tion catheters useful for all tubes at the bedside, saline, 
endotracheal tubes, scissors, and lubricant. Other items 
may be requested or common practice at a given institu¬ 
tion, including a complete operative tracheostomy tray at 
the discretion of the surgical team. It is important that 
these needs be communicated to the team caring for the 
patient. 
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Once the first tracheostomy change has occurred and it 
has been determined that the stoma is healed, bedside tra¬ 
cheostomy care and parental teaching usually can begin. 
Using a standardized protocol and checklists simplifies 
parental teaching. It is important that caregivers demon- 
strate competency before discharge home. It is also impor¬ 
tant that parents understand under what conditions they 
should urgently return to the hospital. Particularly in ven- 
tilated patients, this may be more important. 58 Ventilated 
patients with new tracheostomies are highly likely to be 
readmitted to the hospital within the first 6 months of 
their discharge, and it is helpful to clearly outline emer- 
gency notification parameters for the caregivers. 29 

Complications 

In the 1970s the mortality rate from tracheotomy was re¬ 
ported to be as high as 24%.'' 1 More recent reports indicate 
mortality rates ranging from 0.5% to 3%. 33, 54-59 This may be 
attributed to improvements in monitoring techniques 
such as pulse oximetry, as well as frequency of medical 
follow-up visits and heightened vigilance. 33 Avoidable 
deaths can be prevented by a thorough education program 
for all persons caring for a child in the hospital and the 
home. 28 Children who require long-term ventilation may 
experience more complications and seem to have a higher 
mortality rate overall. In faet, in patients requiring ventila¬ 
tion who have undergone tracheostomy, mortality in- 
creases precipitously after 30 days of continued hospital 
stay. 30 Overall, however, mortality for intensive care unit 
(ICU) patients who undergo tracheostomy tube placement 
compared with other ICU patients is comparable. 60 

The ability to replace the tracheostomy tube in case of 
accidental decannulation, proper airway assessment, good 
hygiene, and adequate systemic hydration and nutrition 
are important factors for a successful long-term outeome 
for an infant or child with a tracheostomy tube. Caregivers 
should demonstrate competency at both emergency and 
routine tracheostomy tube care before discharge. 58 Teach¬ 
ing the parents or caregivers to teach others caring for the 
child how to care for the tracheotomy site is a critical com- 
ponent of this training. 58 

The two most common reasons for death of a tracheos¬ 
tomy tube-dependent child are plugging of the tube with 
mueus and accidental decannulation. Plugging with mu- 
cus occurs when thick, viscous mueus obstructs the lumen 
of the tracheostomy tube. Factors that lead to this prob¬ 
lem include dehydration, infeetion, and lack of humidity. 
Many children with bronchopulmonary dysplasia develop 
frequent exacerbations of mueous plugging with inereased 
bronchorrhea. Viral or bacterial tracheitis may also lead to 
an inerease in thick secretions. These problems can be 
avoided with appropriate hydration and pulmonary hy¬ 
giene. Antibiotic therapy may be necessary in the case of 
infeetion. Sometimes the use of a humidifier or passive 
humidification device may help alleviate thick secretions. 
Acute mueous plugging requires emergency suctioning. 


The tube is changed immediately if suctioning does not 
relieve the obstruction. Once the obstruction is relieved 
and the patient is out of danger, appropriate treatments 
are initiated to help prevent a recurrence of the problem. 

If the obstruction is not relieved by tracheostomy tube 
change, steps should be taken to ensure that the tube is in 
the trachea and additional resources mobilized. If time 
and patient status permit, a chest X-ray examination may 
help visualize the location of the tracheostomy tube in the 
trachea. One can attempt to pass a suction catheter and 
bag ventilate the patient while assessing the chest wall 
mobility to assess the tube placement. One should take 
steps to ensure adequate delivery of oxygen in the case of 
hypoxia. If ventilation is not successful through the tra¬ 
cheostomy tube and the patient continues to deteriorate, 
one may attempt to place a different tube in the stoma or 
to perform oral mask ventilation or oral intubation. These 
may not be options in all patients and require staff to be 
aware of the status of the airway before the tracheostomy 
tube was placed and the original indications for it. 

Another serious complication is accidental dislodg- 
ment of the tracheostomy tube. This accounts for most 
tracheotomy-related deaths. 33,59,60 Accidental dislodgment 
may occur during play activity, tracheotomy care, or when 
the child is alone. Immediate reinsertion is required. '' This 
may be difficult during an emergency situation. If the 
same size tracheostomy tube cannot be inserted, then an 
attempt should be made to insert a tube that is one size 
smaller. If this is unsuccessful, the patient should be venti¬ 
lated with a bag and mask if in distress until additional 
medical help arrives. Parents are usually sent home with a 
mask and bag for use in case of such an emergency. When 
the tube cannot be reinserted, similar steps to those out- 
lined earlier should be taken if the child is in distress, in- 
cluding bag-mask ventilation, attempt at oral intubation, 
or even resuscitation through the stoma if necessary. It is 
important to remember to cover the stoma during any at¬ 
tempt at oral ventilation to prevent air escaping through 
the stoma. When there is a critical airway and there is no 
reserve airway around the tracheostomy tube, then inser- 
tion of an endotracheal tube into the tracheostomy site is 
an acceptable alternative in securing the airway. If this is 
not possible and the patient experiences full arrest, rescue 
breaths can be delivered into the stoma direetly if mouth- 
to-mouth breaths do not achieve adequate ventilation. 61 

Other complications associated with tracheostomy 
use include bleeding, granulation tissue, tracheal erosion, 
tracheomalacia, and distal airway stenosis. External granu¬ 
lations may be managed conservatively if they do not inter- 
fere with tracheostomy tube changes or care. If granula¬ 
tion causes bleeding or difficulty with tube changes occurs, 
it can be cauterized or should be removed surgically. Su- 
prastomal granulation is not routinely removed during 
endoscopy unless there is bleeding. Granulation tissue 
causing obstruction beyond the distal end of the tracheos¬ 
tomy tube often requires removal because it can mobilize 
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into the airway with suctioning or tracheostomy tube 
changes, leading to complete airway obstruction. Supra- 
stomal granulation may need to be removed just before 
decannulation because it can contribute to airway obstruc¬ 
tion after tracheostomy tuberemoval. 62 Suprastomal tra- 
cheomalacia may also need to be repaired at the time of 
decannulation. 

Bleeding from the tracheostomy tube is usually related 
to suction trauma or inflammation as a result of infection 
or tracheitis, but on occasion it may be caused by granula¬ 
tion or even erosion of the tracheal wall. Bleeding from 
suction trauma is usually self-limited and often occurs af¬ 
ter a period of increased secretions or respiratory illness. 
Suctioning beyond the end of the tracheostomy tube 
should be avoided to prevent direct tracheal trauma and 
bleeding. Recurrent bleeding with increased secretions 
may indicate erosion of the posterior wall into the esopha- 
gus. This complication may also be associated with diffi- 
culties with tracheostomy tube changes or ventilation 
problems. Excessive bleeding or intermittent brisk bleed¬ 
ing may indicate that a major vessel has been eroded by the 
tracheostomy tube. 63 Most commonly this involves the in- 
nominate artery. Innominate arterial bleeding can be life 
threatening and may require intervention by a thoracic or 
pediatric surgeon. Both these complications are more 
commonly seen in adult patients. 

Surveillance of the airway may help prevent such serious 
complications. Routine care of a tracheostomy includes 
regular interval bronchoscopies to ensure there are no ma¬ 
jor problems developing with the tracheotomy site. How- 
ever, there is no consensus on the frequency with which 
these should occur and practice varies widely. Certainly if a 
patient is exhibiting any of the symptoms outlined earlier, 
it is generally agreed upon that bronchoscopy is indicated. 
In faet, patients with long-standing tracheostomies who 
were having symptoms at the time of their bronchoscopy 
were far more likely to have abnormal findings at bron- 
chosocpy compared with those who were asymptomatic. 64 

Distal tracheal narrowing as a result of scarring is a seri¬ 
ous complication and is best avoided. Appropriate man¬ 
agement of granulations and mechanical trachesotomy 
tube problems such as contact uleerations before scarring 
sets in may prevent this problem. As a distal obstruction 
develops, one may bypass it using a longer tube. 48 How- 
ever, it is prudent to address the cause of the scar tissue 
formation because it can recur in the more distal trachea. 
Once the carina is involved with scarring or stenosis, 
bypassing may no longer be an option and surgical inter¬ 
vention may become necessary. 63 Regular surveillance 
bronchoscopy and treatment of distal airway problems as 
they arise may prevent these severe long-term complica¬ 
tions of tracheostomy tubes. 65 Consultation with a trache¬ 
ostomy specialist, pediatric otolaryngologist, or pediatric 
pulmonologist is appropriate before inereasing the length 
or size of a tracheostomy tube in many instances, depend- 
ing on the complexity of these problems. 


O ther problems encountered with a chronic tracheot¬ 
omy include speech delay and difficulty with phonation. 
The tracheostomy is designed to bypass the larynx and 
therefore often interferes with speech production. Some 
children can phonate around the tracheostomy by occlud- 
ing the opening, allowing air to pass around the tracheos¬ 
tomy tube through the vocal cords. This does require that 
the airway is patent above the tracheostomy tube. Use of a 
euff usually precludes this option. 66 For children who re¬ 
quire their tracheostomy only during sleep, such as chil¬ 
dren with central sleep apnea using a nighttime ventilator, 
they may be able to cap their tracheostomy tube completely 
during the day. They will need to breathe around the tra¬ 
cheostomy on both inspiration and expiration when the 
tube is capped. The child with a tracheostomy may be fitted 
for a Passey-Muir speech valve. This one-way valve allows 
flow of air into the tracheostomy tube but occludes it dur¬ 
ing expiration, redirecting air up around the tracheostomy 
tube and through the glottis to allow phonation. These can 
be used in certain patients in conjunction with a ventilator 
as well. Consultation with a tracheostomy specialist or 
speech therapist is appropriate in these situations. 67 

Children with tracheostomy all have significant reduc- 
tion in laryngeal elevation during swallowing. The trache¬ 
ostomy tube fixes the larynx in a more stationary position 
in the neck because of scarring of the tract. This can con¬ 
tribute to swallowing difficulties. The underlying medical 
condition necessitating the tracheostomy tube placement 
may also contribute to the swallowing dysfunetion. Neu- 
romuscular problems or degenerative diseases can lead to 
motor weakness, reduced reflexes, and diminished coordi- 
nation of the complex funetions involved in swallowing. 
Children who have prolonged intubations at a young age 
often experience oral aversion, which may require intensive 
oromotor therapy to overcome. Finally, the sense of smell 
and therefore taste may be altered in a child when the nasal 
airway is bypassed. Close work with a speech and swallow¬ 
ing therapist can be very important for the young child or 
infant with a tracheostomy/ " 67 

Routine Tracheostomy Tube 
Changes 

The first tracheostomy tube change is customarily done 
only by the surgeon who performed the surgery or another 
physician from the surgical service. Generally, after the first 
change, the stoma has healed adequately to allow for rou¬ 
tine tracheostomy care and changes and teaching of family 
members to perform them as well. Safe tracheostomy tube 
changes are an important part of routine tracheostomy 
care. It is essential that the child’s parents or caregivers 
learn proper tracheostomy tube care before the child is dis- 
charged. 2 '' Tracheostomy tube changes can be routine, per¬ 
haps once weekly in a child, although the frequency varies 
according to the patient’s needs. Children generally require 
more frequent changes of their tracheostomy than adults 
because pediatric tubes do not usually have an inner cannula. 
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Equipment Needed for 
Tracheostomy Tube Changes 

• Correct size tracheostomy tube and obturator 

• Smaller size tracheostomy tube 

• Blanket roil 

• Lubricant 

• Tracheotomy ties 

• Scissors 

• Clean wet and dry gauze 

• Resuscitation bag with mask 

• Oxygen source 


Box 13-2 


A change will be made urgently when there is suspected 
obstruction or respiratory distress. Preparation is the key to 
safety. It is always imperative to have proper equipment 
around for the tracheostomy tube change. (Recommended 
equipment is listed in Box 13-2.) It is also important to 
perform routine tracheostomy tube changes during day- 
time hours when everyone is alert and a “partner” is avail- 
able. It is best to perform a routine tube change with two 
people. Proper lighting and position are essential. One 
must always communicate with the helper, be prepared for 
the worst, and remain calm, especially during an emer¬ 
gency. 68,69 Perform proper hånd hygiene before any manip¬ 
ulation of the tracheostomy tube when possible (i.e., unless 
the situation is an emergency). 

Ideally, at least 2 hours should have passed after the last 
feeding before the tracheostomy tube is changed to mini- 
mize the risk of vomiting or aspiration during the change. 
All supplies and emergency equipment are prepared. The 
role of the partner is determined and then the child is 
placed in the supine position on a shoulder roil with the 
neck hyperextended to make tube insertion easier. It is 
important to be prepared for any emergency such as a dif- 
ficult insertion, inability to reaccess the airway, significant 
respiratory distress, bradycardia, or desaturation. 

If at all possible, try to calm the child if he or she is 
agitated. Tracheostomy tube changes can be much more 
difficult if the child is agitated or fighting. Provide supple¬ 
mental oxygen or bag ventilation if needed. Suction the 
tracheostomy tube if needed. Deflate the cuff fully if one is 
present on both the tracheostomy tube in place and the new 
one to be replaced. Release the tracheostomy ties and re- 
move them. One person will hold the tracheostomy tube in 
place. The other person will perform routine tracheostomy 
site care, including cleaning the peristomal area or the neck 
skin. When both caregivers are ready, the lead caregiver 
counts to three. One caregiver removes the old tracheos¬ 
tomy tube and the other immediately replaces the new tube 
with obturator in place. Remove the obturator and assess 
for breathing by watching for respiratory efforts and chest 
wall motion. Auscultation with a stethoscope may also be 
performed when necessary. Secure the ties. Repeat suction- 
ing if indicated or if there is any concern that the tracheos¬ 
tomy tube is not in place or may be occluded. The ties are 


threaded and secured and then checked for correct tension: 
The ties should be tight enough to hold the tube in place 
without movement yet not bind or pinch the neck. 69 

Tracheotomy Home Care 

Many of the complications of tracheotomy take place in 
the home. Therefore an optimal home-care environment is 
essential. Parents and caregivers should be able to smoothly 
and quickly perform tracheostomy tube changes even in 
an urgent situation both with a partner and alone if neces¬ 
sary. These skilis should be demonstrated to appropriate 
staff before discharge home from hospital or extended 
care facility.' 0 It may be advisable that caregivers of pa¬ 
tients with tracheostomy tubes be trained in cardiopulmo- 
nary resuscitation; however, this recommendation did not 
reach consensus in a recent consensus panel.- They must 
be able to perform routine functions such as suctioning 
and cleaning. Adequate tracheostomy equipment should 
always be available. This includes such items as the obtura¬ 
tor of the tube in place, a spare tracheostomy tube, a 
smaller size tracheostomy tube, tracheostomy ties, dress¬ 
ing, suction catheters, suction machine, humidity devices, 
and monitors, if indicated. 68,70 Home nursing care may 
also be required based on the patient’s need. This should 
be determined by discharge planning before discharge 
from the hospital. Each patient and family has unique 
needs, resources, and capabilities and these should be as- 
sessed before the child’s discharge from the hospital 

Decannulation 

A patient may be considered for decannulation or removal 
of the tracheostomy when the following conditions have 
been met. 

1. The original indication for the tracheostomy tube has 
resolved or been corrected. 

2. The patient is tolerating either a cap during most or all 
waking hours or tolerating a Passy-Muir valve most of 
the day. The patient should not require removal of ei¬ 
ther for suctioning or respiratory complaints. 

If these conditions have not been met, the patient should 
at a minimum tolerate downsizing of the tracheostomy 
tube. The child should have adequate level of conscious- 
ness and pharyngeal function to protect the airway from 
aspiration of food or secretions. The child should have an 
effective cough to clear secretions. The child should have 
had some evaluation of the airway with endoscopy before 
the tracheostomy removal. If the child has a difficult air¬ 
way or is difficult to intubate, consideration should be 
made for the need for future surgeries. 2 '' Some physicians 
recommend a capped sleep study to ensure resolution of 
upper airway obstruction manifesting as obstructive sleep 
apnea or to ensure resolution of any central apnea that 
may have been present. 71 

Downsizing, use of a speaking valve, and ultimately 
capping can allow for a gradual transition to breathing 
through the nose and upper airway after a long period of 








238 


SECTION III • Therapeutic Procedures for Treatment of Neonatal 


breathing through a tracheostomy. An abrupt change in 
the airway such as tracheostomy removal can lead to 
anxiety and even respiratory distress, resulting in failed 
decannulation. 2 Once the tube is removed, an occlusive 
dressing should be applied until the stoma has closed 
spontaneously. Many physicians prefer to observe the pa¬ 
tient overnight on monitors after tracheostomy removal. 
In certain circumstances, an in-office removal with a short 
period of observation may be appropriate depending on 
the patient’s age and original indication for tracheostomy 
placement. A small number of children may have a persis- 
tent tracheocutaneous fistula that may require surgical 
closure. It may be important to determine that the upper 
airway obstruction has completely resolved in a patient 
whose tracheostomy site does not close if it is considered 
like any other fistula in the body. This can be accom- 
plished with bronchoscopy, upper airway endoscopy, and 
possible sleep study if suspicion is high or symptoms sug¬ 
gest a problem. These symptoms include snoring, stridor, 
recurrent respiratory infections, failure to thrive, and 
sleep disturbances. 73,74 

Laryngotracheal Reconstruction 

The child with critical subglottic stenosis and adequate 
pulmonary function may be a good candidate for laryngo¬ 
tracheal reconstruction (LTR). There are many surgical 
approaches to LTR, again depending on the situation. 5,76 
In general, LTR involves expansion of the airway with car- 
tilage grafts or resection of the stenotic portion of the air¬ 
way. Use of autologous, auricular, and costal cartilage 
grafts have been described. 32 However, for circumferential 
stenosis with good cartilaginous support, an anterior cos¬ 
tal (rib) cartilage graft without stenting may be adequate 
(Figure 13-10). When there is posterior glottic stenosis, 




FIGURE 13-10 Laryngotracheoplasty using an anteriorly placed 
costal cartilage graft. 


then a posterior split and cartilage graft may be performed 
with a short stenting period. If the posterior stenosis is 
associated with a significant loss of cartilage, a period of 
stenting may be required (Figure 13-11). Laryngotracheal 
reconstruction may be accomplished with a single-staged 
or double-staged procedure. In a single-staged procedure, 
the child is kept intubated for several days to weeks with 
the endotracheal tube acting as the stent in the newly re- 
constructed airway. Repeat endoscopy is usually performed 
to confirm successful healing of the repair before extuba- 
tion. However, extubation in the intensive care unit may be 
recommended without an examination at the discretion of 
the surgeon. 

In the single-stage technique, sedation and paralysis 
may be necessary to prevent premature extubation. Post¬ 
operative fevers are common in this period and children 
undergoing single-stage procedures are at higher risk, with 
the likelihood increasing with the duration of postopera¬ 
tive intubation. The usual cause of postoperative fevers in 
LTR patients is atelectasis, which may not be significant. 8 
Chest physical therapy has been shown to increase atelec¬ 
tasis and have serious complications in some patient pop¬ 
ulations. 9 It is not generally recommended. After extuba¬ 
tion, supportive respiratory care is provided, including 
supplemental oxygen, oral suctioning, and humidifica- 
tion. If the child develops stridor, inhaled epinephrine can 
be used to acutely relieve airway obstruction. Heliox may 
be helpful immediately after extubation in cases of persis- 
tent stridor or signs of obstruction. Evaluation with bron¬ 
choscopy may be indicated in instances in which a patient 
requires reintubation. Often a patient will require removal 
of granulation tissue to relieve obstruction and success- 
fully extubate. 80 Less commonly, a secondary airway lesion 
is unmasked by relief of the previous critical airway steno¬ 
sis and must be addressed to achieve extubation. This is 



FIGURE 13-11 A posteriorly placed costal cartilage graft 
maintains excellent expansion of the cricoid and glottis. 
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most often a dynamic lesion, such as laryngomalacia, that 
was disguised by the previously more dominant site of 
obstruction. 81 

In some instances a tracheostomy is already in place, 
or the reconstruction is more extensive and may require a 
longer period of stenting. This can be performed in a 
staged fashion. 80 Stenting and postoperative care depend 
on the situation. If the patient requires a short period of 
stenting, the procedure may be accomplished in a single¬ 
stage manner and the tracheostomy tube removed at the 
time of surgery. For longer periods of stenting, staged 
LTR may be performed with a synthetic stent secured 
into the airway for various periods of time. These devices 
contain both an airway stent that passes through the re- 
constructed area of the airway and larynx and an external 
port to the tracheostomy site. The patient must often 
breathe and be suctioned through the tracheostomy site. 
This type of device is known as a T tube, and its major 
disadvantage for most of these devices is that the trache¬ 
ostomy component of the airway often cannot be re¬ 
moved in cases of plugging. 82 Exquisite postoperative 
care and hygiene is needed to prevent this complication. 82 
In older children with a larger airway, a tracheostomy 
tube with an inner cannula can be incorporated into the 
stent, allowing for changing of the inner cannula in the 
case of plugging. For severe or total stenosis of the high 
trachea or subglottis, a partial cricotracheal resection 
(PCTR) rather than a traditional LTR may be indicated. 
Some patients undergoing cricotracheal resection can 
undergo a single-stage procedure and will be left intu- 
bated nasally after the resection. 84 The success of the 
procedure varies proportionately with the severity of the 
stenosis present. 80 

Providing a safe and adequate airway while preserving 
normal laryngeal functions, such as voice and protection 
during swallowing, is the ultimate goal of LTR or 
PCTR. 85 It seems that many efforts aimed at expansion 
of the airway can negatively impact these functions of 
the larynx. Patients with complete airway obstruction or 
the most severe cases of obstruction may be more likely 
to require multiple procedures or require an indwelling 
stent. 84 An indwelling stent passing through the larynx 
greatly reduces laryngeal elevation during swallowing. 
These stents are sometimes open at the top to the hypo- 
pharynx, increasing likelihood of aspiration through the 
stent. The duration and severity of dysphagia are worse 
in patients undergoing more complex reconstructions in 
conjunction with indwelling T tubes, as well as those 
undergoing multiple procedures. 85 Therapy with a 
speech pathologist to develop compensatory strategies 
for better swallowing as well as diet modifications can 
improve swallowing. 86 Children with severe underlying 
disorders or oral aversion before undergoing reconstruc¬ 
tion, regardless of procedure type, are more likely to 
continue with similar problems postoperatively. 85 A 
large number of patients have voice abnormalities after 


one of these procedures, and further research is needed 
to evaluate long-term outcomes of voice in this patient 
population. 85,87 

SUCTIONING 

Suctioning secretions from the airway or ETT main- 
tains patency, prevents aspiration, assists an ineffective 
cough, and can be used to obtain specimens for diag- 
nostic purposes. Because suctioning is not a benign 
procedure, recognizing when it is or is not indicated is 
important. Some specific indications include auscultat- 
ing decreased breath sounds; implicating a possible 
mucous plug; difficulty during mechanical ventilation, 
possibly resulting from ETT occlusion or airway secre¬ 
tions; decreasing oxygen saturation; and the visible 
presence of secretions. 88 Although there are no absolute 
contraindications to suctioning, relative contraindica- 
tions include patients with thrombocytopenia, epiglot- 
titis, an unsecured airway, and labile cardiovascular or 
respiratory conditions. It is best to suction only when 
required and to avoid potential complications by re- 
peatedly suctioning without indication. 

Procedure 

The necessary equipment for suctioning is gathered before 
initiating the procedure. This includes oxygen, a resuscita- 
tion bag and mask, suction catheters, sterile gloves, lavage 
fluid, a stethoscope, and a suction regulator to set the ap- 
propriate vacuum pressure. The vacuum pressure is set at 
60 to 80 mm Hg for a neonate and at 80 to 100 mm Hg for 
a pediatric patient. The appropriate catheter length is de¬ 
termined by measuring the length of the ETT or tracheos¬ 
tomy tube against the suction catheter. The proper length 
should pass the end of the tube but not touch the carina. 89 
Optimally, the catheter should be less than one half the 
size of the internal diameter of the ETT to avoid total ob¬ 
struction of the tube, but this is often impossible in 
smaller inner diameter tubes. 

The patient’s breath sounds, heart rate and pattern, 
respiratory rate and pattern, arterial oxygen saturation, 
and excessive ventilator pressures are monitored contin- 
uously. As with all procedures, an adequate explanation 
of the process must be provided to the patient and fam- 
ily before the procedure. The patient is ventilated with 
an Fio 2 of at least 0.1 to 0.2 greater than the oxygen be- 
ing delivered at the time of the intervention, or an Fio 2 
of 1.0 when necessary. The same peak inspiratory pres¬ 
sures and positive end-expiratory pressure as set on the 
ventilator are used. 

To suction, the catheter is moistened with saline (often 
the humidity alone is enough to lubricate) and, without 
applying suction, inserted into the airway to the predeter- 
mined length, or until resistance is met. It is pulled back 0.5 
to 1.5 cm, and intermittent suction is applied, using the 
thumb port, while withdrawing and rotating the catheter. 
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Hypoxemia and atelectasis are avoided by keeping the dura¬ 
tion of suctioning to less than 10 seconds per pass, and less 
than S seconds when applying the vacuum. The patient is 
oxygenated and ventilated between passes while observing 
the patient’s vital signs on the monitors. Breath sounds are 
checked to evaluate the need for repeating the procedure. 
The need for further suctioning is reevaluated on the basis 
of the patient’s clinical status. Potentially, rotating the 
head to the right facilitates entry into the left mainstem 
bronchus, whereas turning the head to the left facilitates 
entering the right mainstem bronchus, if required for ag¬ 
gressive suctioning. 

Although not always required and somewhat contro- 
versial, 88 ’ 8 -' instilling a lavage solution may be necessary 
to remove mucous plugs or thick, tenacious secretions. 
Lavage or irrigating solutions include wetting agents 
such as normal saline, detergents such as sodium bicar- 
bonate, and mucolytics such as IV-acetylcysteine. For the 
neonatal patient, small incremental amounts are instilled 
to a volume of 0.5 to 1 ml. In the older child, 2 to 5 ml is 
instilled. Lavage is followed by manual ventilation and 
subsequent suctioning. Bagging the instilled solution 
into the ETT allows it to disperse throughout the lung 
helds to help liquefy and loosen secretions. If saline is to 
be used with suctioning, the clinician must remember 
there are potentially signihcant differences in the neona¬ 
tal and adult airway chemistry. In particular, the antimi- 
crobial component of airway mucus in the neonate is 
signihcantly different compared with an adult. A recent 
study in the neonatal population compared routine use 
of a low-sodium solution versus the use of normal saline. 
The low-sodium solution signihcantly reduced VAP and 
chronic lung disease. 91 In neonates the low-sodium solu¬ 
tion may preserve the antimicrobial component of the 
airway mucus while still enhancing cough and secretion 
removal. The possible advantages of normal saline for 
adults and low-sodium saline solutions in neonates 
prompts careful consideration of routine saline use for 
suctioning in the pediatric population. Certain types of 
wetting agents, such as sterile water or hypertonic saline 
solution, cause mucosal irritation, bronchospasm, and 
overhydration. 

Saline instillation after suctioning remains a controver- 
sial topic in pediatrics, particularly with neonates. Cathe- 
ter insertion alone may dislodge thousands of bacteria lo- 
cated within the lumen of the ETT; a saline flush serves as 
a vehicle and potentially contributes to the distribution of 
bacteria distally into the lung—fostering the concern that 
routine saline instillation may increase the incidence of 
VAP. In contrast, new evidence suggests that the reservoir 
of bacteria within the lumen of the ETT may be eliminated 
or reduced with routine saline administration. In addition, 
sedated patients may beneht from a saline-stimulated 
cough. The patient’s cough will always be our strengest 
ally in airway maintenance. Clearly, suctioning without a 


cough will only clear the ETT. In 2009, Caruso studied 262 
adult patients on the use of routine saline installation. 
Results demonstrated a 54% reduction in the risk of VAP 
with routine saline instillation.’ 2 A limitation of this study 
was that heat moisture exchangers (HMEs) were used to 
provide humidification, possibly necessitating saline in¬ 
stillation for secretion thinning. 

Therefore the following suctioning algorithm (Figure 
13-12) is recommended for use. 

Nasotracheal Suction 

Blind nasotracheal suctioning requires that all the previ- 
ously mentioned equipment used for ETT suctioning be 
readily available. 90 The procedure for blind nasotracheal 
suctioning differs in that an ETT is not present. An in¬ 
fant is placed in the sniffing position, and the head and 
neck of an older child are slightly hyperextended. The 
suction catheter is lubricated with water or soluble jelly 
and placed in the nares. With the clinician facing the pa¬ 
tient, the catheter is inserted slightly medial to the sep- 
tum. The natural curve of the catheter is used as a guide 
to advance it over the top of the palate. When the cathe¬ 
ter reaches the oropharynx, it is advanced into the tra- 
cheobronchial tree during inspiration. The catheter is 
pulled back 0.5 to 1.0 cm once resistance is felt, and suc¬ 
tion is intermittently applied as previously described. 
Extreme caution must be taken when facial trauma is 
present. 

Hypoxemia, bradycardia with resultant hypotension, 
bronchospasm, laryngospasm, airway trauma, hemorrhage, 
infection, and aspiration are all potential complications 
of blind nasotracheal suctioning. The most common 
complication in the neonatal patient is hypoxemia and 
subsequent bradycardia. The incidence of this complica¬ 
tion can be reduced by frequent bagging between suction¬ 
ing, limiting suction time, and increasing the Fio 2 . Before 
the procedure is begun in the premature infant and 
unstable neonate, careful monitoring of the biood pres¬ 
sure is performed because hypertension associated with 
the procedure predisposes the patient to intracranial 
hemorrhage. 

Bulb Suction 

The bulb syringe is a manually operated device for use in 
the home or hospital and is extremely helpful to obligate 
nose breathers such as neonates or infants suffering from 
bronchiolitis. It is important to be gentie when using it 
because vigorous suctioning can lead to bleeding and 
airway swelling and damage. The bulb syringe is squeezed 
gently and held down. It is inserted in the area of mucus, 
and the pressure on the bulb is released to suction the 
mucus. Once the syringe is removed from the nasal pas¬ 
sage, secretions are removed with a combination of 
squeezes and the syringe is cleansed with water and 
wiped with gauze pads. The bulb syringe should be 
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FIGURE 13-12 Suggested suctioning and saline use algorithm. 


cleansed thoroughly after each use and allowed to 
air dry. 

Closed Tracheal Suction Systems 

As the frequency of suctioning increases, the need for a 
closed tracheal suction system or special suctioning 
adapter becomes imperative. These systems are necessary 
to prevent alveolar collapse associated with the loss of dis- 
tention from positive end-expiratory pressure during suc¬ 
tioning and to reduce suction-related pulmonary compli- 
cations. Closed tracheal suction systems are designed to 
allow minimal disruption with mechanical ventilation, to 
prevent the loss of positive end-expiratory pressure, and to 
avoid hypoxia. This system is added to an adapter, as well 
as an irrigation port, protective sleeve, closed lock, and 


control valve, and markings on the suction catheter help 
determine the approximate depth of suctioning. Addi¬ 
tional advantages include less contamination of the 
sheathed catheter, a decrease in airborne particles being 
introduced into the ETT, and a faster return to the preoxy- 
genation baseline. 

There are some disadvantages with these systems. Bac- 
terial growth can occur if the catheter is not changed in a 
timely manner, but this is no different than with the ETT 
itself. Failure to pull the catheter back fully into the cor- 
rect position can cause damage to or occlude the airway. 
Other disadvantages may be the possibility of leaving the 
continuous suction in the “on” position, causing hypox- 
emia and increased dead space if an inappropriate adapter 
size is used. 
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6. Which of the following choices may be used/ 
performed to treat extubation failure? 

A. Reintubation 

B. Steroids 

C. Heliox 

D. Tracheostomy 

E. All of the above 

7. Which of the following is not an indication for a 
tracheotomy? 

A. Severe subglottic stenosis 

B. Mild laryngomalacia 

C. Chronic ventilation 

D. Poor pulmonary hygiene 

8. What is the difference between the outside diameter 
ofa tracheostomy tube and an endotracheal tube? 

A. The tracheostomy tube has a larger outside 
diameter. 

B. They have the same outside diameter. 

C. The endotracheal tube has a much larger out¬ 
side diameter. 

D. It depends on the manufacturer. 

9. Which tracheotomy complication is most likely to 
be lethal? 

A. Mucous plugging or accidental dislodgement 

B. Bleeding 

C. Distal granulation 

D. Tracheal-esophageal fistula 

10 . In patients undergoing laryngotracheal reconstruc- 
tion, which patients have swallowing problems? 

A. Patients with indwelling stents orT tubes 

B. Patients undergoing multiple procedures 

C. Patients with preexisting swallowing problems 

D. All of the above 


KEY POINTS 


• Intubation is not a benign procedure; however, with 
proper care and preparation it can be safely provided. 

• When complications of intubation occur, simple adjunct 
devices ortechniques can provide life-sustaining results. 

• Tracheostomies provide a stable and long-term airway. 
Proper education of staff and care providers can re- 
duce adverse events when experts are not available. 

• Tracheostomies are provided for a specific reason, and 
every care provider should be aware of that reason. 

This ensures proper care in case of an emergency. 

• Proper timing of decannulation can reduce complica¬ 
tions and the need for specialty equipment; however, it 
has its associated risks. Not everyone will be a candi- 
date for decannulation. 

• Suctioning is routinely required for tracheal tubes to 
maintain patency. Indications and timing of suctioning 
must be individually assessed and performed only 
when necessary. 

• Proper humidification can assist with reducing airway 
complications. 


ASSESSMENT QUESTIONS 

See Evolve Resources for cwswers. 

1. Which is not a reason for intubation? 

A. Pulmonary function 

B. Central apnea 

C. Upper airway obstruction 

D. Pulmonary hygiene 

2. What is the age-appropriate ETT for a 1-year-old? 

A 2-year-old? A 4-year-old? A 6-year-old? 

A. 4.0, 4.5, 5, 5.5 

B. 3.5, 5, 5.5, 6 

C. 4.0, 5, 6, 7 

D. 4.5, 5.5, 6.5, 7 

3. When would one consider an LMA instead of 
intubation? 

A. Awake, short-term ventilation 

B. To protect against aspiration 

C. To protect the vocal cords 

D. Unconscious, backup to intubation 

4 . What are the disadvantages of nasotracheal 
intubation? 

A. Sinusitis 

B. Pressure necrosis, bleeding 

C. Postextubation atelectasis 

D. All of the above 

5 . What intubation approach would one use in a larynx 
that is difficult or impossible to expose with a standard 
rigid laryngoscope? 

A. LMA 

B. Cricothyroidotomy 

C. Flexible fiberoptic intubation 

D. Tracheostomy 
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LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 


1. Explain how surfactant affects surface tension and 

3. Discuss the delivery, benefits, and adverse effects of 

improves lung function 

surfactant replacement 

2. Identify disease processes associated with surfactant 

4. Identify patients and disease processes that may 

deficiency, dysfunction, or inactivation 

benefit from surfactant replacement therapy 

KEY TERMS 


Compliance Respiratory distress syndrome Surfactant replacement therapy 

Pulmonary surfactant Surfactant proteins Surface tension 


The successful introduction of surfactant therapy into 
clinical care is one of the best examples of how discoveries 
in the laboratory can be directly translated into improved 
patient care. Basic scientific research linked relative or 
total lack of surfactant secondary to decreased production 
or inactivation to respiratory distress syndrome (RDS) 
in preterm infants. The phenomenal success of surfactant 
replacement therapy in RDS has prompted investigation 
into the possible role of surfactant therapy in other types 
of acute lung injuries, including acute RDS (ARDS). 1,2 It is 
clear that qualitative and quantitative surfactant abnor- 
malities are present in many non-RDS types of acute lung 


injuries and that the expanding role of surfactant replace¬ 
ment must be explored. 

THE DISCOVERY 
OF SURFACTANT 

The seeds were sown in the early nineteenth century with 
the observations of Pierre Simon Laplace and Thomas 
Youngc In their theory of capillary action they described 
the relationship of transsurface pressure and surface ten¬ 
sion at a gas-fluid interface in a sphere as P = 2 X ST/R 
(where P is the transsurface or distending pressure, ST is 


245 










246 


SECTION III • Therapeutic Procedures for Treatment of Neonatal 


surface tension, and R is the radius of the sphere). More 
than a century later, in 1929, the Swedish physiologist 
Kurt von Neergaard, 4 while studying respiratory mechan- 
ics, discovered that the retractile force of the lung was de- 
pendent on the surface tension in the alveoli (Figure 14-1). 
Twenty years later, Macklin 5 postulated the existence of 
a “mucoprotein” lining in the lung that had the surface 
tension-lowering properties observed by von Neergaard. 
In the 1950s, Mead and co-workers 6,/ at the Harvard School 
of Public Health discovered that surface forces at the 
lung’s air-liquid interface contributed to elastic recoil, es- 
pecially at large lung volumes. Simultaneously, Clements 8 
discovered the role of the alveolar lining layer in mediating 
surface tension changes with area, thereby stabilizing air- 
filled spaces at low lung volumes and augmenting elastic 
recoil at large lung volumes. He named the material “pul- 
monary surfactant” and established its role as an antiat- 
electasis factor. In 1955, Pattie 9 discovered that bubbles 
expressed from the lungs of fetal guinea pigs did not have 
the stability of those found in term mammalian lungs, 
stating that the immature lung of the premature baby may 
have increased surface forces. In 1959, Avery and Mead 10 
noted from autopsies that the lungs of infants who died of 
hyaline membrane disease never had foam in their airways. 
They lacked foam because they lacked surfactant and 
therefore the capacity to reduce surface tension when 
surface area is reduced during exhalation. These Åndings 
identified surfactant deflciency as the cause of RDS. 
Finally, in 1980, Fujiwara and colleagues reported success 
in producing and using surfactant replacement for pre- 
term infants with RDS. 11 The release of surfactant for 
clinical use in the United States by the U.S. Food and 
Drug Administration in 1990 resulted in a measurable 
reduction in perinatal mortality and morbidity. The use 



Lung volume (ml) 

FIGURE 14-1 A, Pressure-volume relationship ofair-filled versus 
liquid-filled lung from von Neergaard’s original data (1 929). B, The 
difference in recoil attributed to a liquid-air interface (i.e., “bubble 
lining”) that is eliminated by a liquid-only interface. P, Pressure; tiss, 
tissue; int, air-liquid interface; Hq, liquid. 


of exogenous surfactants for treatment of lung injury be- 
yond the neonatal period is only now being studied and 
may offer similar promise. 12 ' 14 

SURFACTANT PHYSIOLOGY 
Function 

A surfactant is any molecule that localizes on aqueous 
surfaces. In the lung, alveolar surfaces are lined by a layer 
of fluid, called surfactant. Pulmonary surfactant creates 
an air-liquid interface that reduces surface tension pro¬ 
portionally to alveolar size. Surface tension is created by 
the attraction of water molecules to one another. This is 
best illustrated by observing that water placed on a flat 
surface coalesces to form a droplet. During respiration, 
carbon dioxide and water are exhaled at the surface of the 
alveoli, creating a liquid interface with inhaled air. As indi- 
cated by the Laplace law, this attraction would lead to the 
collapse of alveoli as each alveolus becomes smaller. How- 
ever, in the presence of surfactant, water molecules are 
pushed apart in the alveolus, preventing alveolar collapse 
during exhalation. Surface tension is reduced in propor¬ 
tion to the number of surfactant molecules per surface 
area. Surfactant displaces water from the air-liquid sur¬ 
face and lowers the surface tension from 75 to 25 dyn/cm 
(during inflation). 1 ' 

The lung can be thought of as a large number of inter- 
connected bubbles that form the interface between the 
gaseous environment and the wet alveolar surface. If this 
interface were without surfactant, two consequences 
would ensue: (1) Every breath would take a considerable 
amount of pressure to expand the lung, comparable 
to the 80 to 90 cm H 2 0 of pressure required for a 
newborn’s first breath, and (2) the lung would rapidly 
collapse during exhalation. 

Pulmonary surfactant lowers surface tension at all lung 
volumes, a critical function as alveolar surface decreases 
during expiration (Figure 14-2). If surface tension did not 
decrease with decreasing lung volume, alveoli of different 
sizes would require different distending pressures. Small 
alveoli would empty into large ones and there would be an 
overall tendency for the lung to coalesce into a smaller num¬ 
ber of large alveoli as lung volume diminished. This would 
significantly decrease the surface area for gas exchange as 
well. Surfactant not only decreases surface tension but also 
reduces it to a greater degree at low lung volume, counter- 
acting the effects of decreasing alveolar size. 

Functionally, surfactant increases lung compliance, 
promotes homogeneous gas distribution during inhala¬ 
tion, and allows a residual volume of gas to be evenly 
distributed throughout the lung during exhalation; that 
is, it maintains functional residual capacity. In the absence 
of surfactant, distribution of ventilation becomes uneven, 
the lungs become stifif, and atelectasis ensues during exha¬ 
lation. The result is increased work of breathing, hypoxia, 
and respiratory failure, the clinical picture exemplified 









CHAPTER 14 • Surfactant Replacement Therapy 


247 






FIGURE 14-2 A, Alveolar surface tension is a manifestation of the strong attraction between mole- 
cules that are aligned on the surface of the alveoli. B, During expiration, when the alveolar radius 
is smaller, attraction between the molecules is stronger and there is a greater tendency to collapse. 
C, When surfactant is present, it spreads over the alveolus and dilutes the molecules. D, During expira¬ 
tion, the surfactant is compressed and the alveolar surface tension is lowered. This stabilizes the alveoli 
and prevents collapse of those alveoli with smaller radii. 


Box 14-1 


Surfactant Function 


Prevents collapse of lung during deflation (expiration) 
Lessens work of breathing (oxygen consumption) 
Optimizes surface area for gas exchange and ventilation- 
perfusion matching 

Optimizes lung compliance (high at low lung volumes 
and low at high lung volumes) 

Protects the lung epithelium and facilitates clearance of 
foreign material 

Prevents capillary leakage of fluid into alveoli 
Defends against microorganisms (infection) 


by preterm infants with RDS. Surfactant functions are 
summarized in Box 14-1. 

Surfactant Metabolism 
and Composition 

Surfactant is produced by type II alveolar epithelial cells 
(pneumatocytes) in the lung (Figure 14-3). After synthesis, 


the surfactant components are packaged in the form of 
lamellar bodies and secreted into the fluid layer lining 
the alveoli in response to a variety of stimuli, including 
mechanical stretch (Figure 14-4). After secretion into the 
alveolar space, surfactant is transformed into tubular my- 
elin, a highly organized, lipid-rich monolayer responsible 
for reducing surface tension. The half-time for turnover of 
human surfactant is not known, but in animals such as 
rats and rabbits it is S to 10 hours. 16 Secretion and clear¬ 
ance are balanced, with 90% of the surfactant being recy- 
cled by the type II pneumatocytes. Studies using labeled 
surfactant introduced into the airways have shown the 
majority being taken up directly by the pneumatocytes 
and being repackaged in lamellar bodies and eventually 
resecreted. 17 The remaining 10% are cleared by alveolar 
macrophages. 

Surfactant composition is fairly constant among mam- 
malian species. Surfactant is composed of approximately 
90% lipids (of which 80% to 85% is phospholipids) and ap¬ 
proximately 10% proteins (Table 14-1). 18 Phosphatidylcho- 
line (PC) is the most abundant phospholipid (75% to 80%) 
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FIGURE 14-3 A, Type II cell from a human lung, showing characteristic lamellar inclusion bodies (open 
arrows) within the cell, which are the storage sites of intracellular surfactant. Microvilli (solid arrows) are 
projecting into the alveolus (AA/). B, Beginning exocytosis ofa lamellar body into the alveolar space of 
a human lung. C, Secreted lamellar body and newly formed tubular myelin (appearing as a lattice) 
in the alveolar liquid in a fetal rat lung. Membrane continuities between outer lamellar bodies and 
adjacent tubular myelin provide evidence of intra-alveolar tubular myelin formation. 


and is mostly saturated (40% to 55%) in the form of dipal- 
mitoylphosphatidylcholine (DPPC). DPPC is the most 
important surfactant component in reducing surface ten¬ 
sion and consists of two molecules of palmitic acid and 
one molecule of phosphatidylcholine attached to a glyc¬ 
erol backbone. DPPC has a hydrophobic end (fatty acids) 
and a hydrophilic end (nitrogenous base) and aligns 
itself in the air-liquid interface with the hydrophobic end 
toward the gas phase and the hydrophilic end toward 
the liquid phase (Figure 14-5). This configuration aligns 


negative charges in the gas phase and positive charges in 
the liquid phase, allowing like charges to repel each other, 
displacing water and creating the pressure required to 
keep alveoli expanded during expiration. This alignment 
of DPPC is critical to the ability of surfactant to lower sur¬ 
face tension, and surfactant proteins B and C appear 
vital for this process. If proper alignment does not occur, 
positive and negative ends of DPPC attract and cause 
surfactant to clump together, rendering it ineffective and 
actually resulting in atelectasis. 
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FIGURE 14-4 Schematic diagram of surfactant metabolism. 7, secretion of LB; 2, conversion of LB into 
TM; 3, generation of monolayer from TM material; 4, formation of small aggregate material from mono- 
layer; 5, reuptake of surfactant material. In general, solid arrows indicate accepted pathways. Probable 
pathways are indicated by dashed arrows. N, nucleus; ER, endoplasmic reticulum; CB, composite body; 
LB, lamellar body; TM, tubular myelin. 


TABLE 14-1 


Components of Pulmonary Surfactant 

Component 

Amount 

Function 

Lipids 

90%-95% 


1 - Phospholipids 

80%-85% 


1-1 Phosphatidylcholine (PC) 

70%-75% of phospholipids 


Dipalmitoylphosphatidylcholine (DPCC, saturated) 

50% of PC 

Major surface-active species 

1 -palmitoyl-2-oleoyl-phosphatidylcholine (POPC, 

50% of PC 

Contributes to fluidify and improve 

unsaturated) 


dynamic behavior of surfactant 

1-2 Anionic phospholipids: phosphatidylglycerol, 

8%-15% of phospholipids 


phosphatidylinositol, phosphatidylserine 

1-2 Other phospholipids: phosphatidylethanolamine, 

5% of phospholipids 


sphingomyelin 

2- Neutral lipids (mostly cholesterol [90%], diglycerides, 

5%-10% 

Antioxidant 

triglycerides) 


Membrane structure 

3- Other lipids 

2% 


Proteins 

5%-10% 


1- Loosely associated (mainly serum) 

0%-5% 


2- Surfactant apoproteins 

Hydrophilic proteins, SP-A, SP-D* 

2%-4% 

Participate in the innate host defense 

Hydrophobic proteins, SP-B, SP-C* 

1%-2% 

immune system 

Enhances stability and spreading of lipids 


Critical for lamellar bodies formation (SP-B) 

SP-A, Surfactant protein A; SP-B, surfactant protein B; SP-C ’ surfactant protein C; SP-D, surfactant protein D. 

*Data from Rooney SA. The surfactant system and lung phospholipid biochemistry. Am Rev Respir Dis 1985;131:439; Young SL, et al. Pulmonary 
surfactant lipid production in oxygen-exposed rat lungs. Lab Invest 1982;46:570; Veldhuizen R, et al. The role of lipids in pulmonary surfactant. 
Biochim Biophys Acta 1998;1408(2-3):90-108; and Glasser, JR et al. Surfactant and its role in the pathobiology of pulmonary infection. Microbes Infect 
2012;14(l):17-25. 
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hydrophobic end toward the gas phase (air space) and hydrophilic end toward the liquid phase 
(liquid surface). Strong molecular interactions occur between the polar heads of the hydrophobic 
end. Note that the polar head has a positive charge associated with its nitrogenous base (/V) and a 
negative charge associated with its phosphate group ( P ). This alignment creates electrostatic forces 
of repulsion, pushing water molecules apart, preventing atelectasis, and holding the airway open 
during exhalation. 


Surfactant protein (SP)-A, SP-B, SP-C, and SP-D are 
the known proteins associated with surfactant. 13 ' 22 SP-A 
and SP-D are hydrophilic (water soluble) and SP-B 
and SP-C are hydrophobic (lipid soluble and positively 
charged). 

SP-A is a calcium-dependent collectin (collagen-like lec- 
tin). Collectins bind to the surface of microorganisms via 
polysaccharides, phospholipids, and glycolipids-dependent 
interactions and lead to aggregation, opsonization, and 
clearance of the organisms by alveolar macrophages in 
the lung. SP-A is the most abundant of the surfactant- 
associated proteins. It is thought to be important in the 
regulation of surfactant metabolism, as well as in tubular 
myelin formation. The most important role of SP-A, how- 
ever, is in innate host defense of the lung. 24 SP-A functions 
as an opsonin for bacteria, fungi, and viruses. In SP-A- 
deficient mice, tubular myelin is absent, but surfactant 
processing and function are intact. Despite relatively nor¬ 
mal lung function, SP-A-deficient mice are highly suscep- 
tible to infections. 

SP-D is also a collectin and enhances the binding, 
phagocytosis, and killing of microbes by alveolar macro¬ 
phages. 24 In addition, SP-D has a role in the suppression 
of proinflammatory responses. Lack of SP-D in trans- 
genic mice leads to emphysema, macrophage activation, 
accumulation of oxygen-reactive species, and increased 
surfactant alveolar pools. So SP-D also plays a key role in 


surfactant homeostasis. Polymorphisms of the human 
genes for SP-A and SP-D have been documented and re¬ 
sult in increased susceptibility to infections with respira- 
tory syncytial virus and Mycobacterium tuberculosis. 

SP-B is a membrane-associated protein that binds to the 
surface of lipid bilayers. SP-B, as discussed previously, is 
critical for alignment of surfactant at the air-liquid inter¬ 
face and for the formation of surfactant storage lamellar 
bodies in type II cells. SP-B is the only surfactant protein 
that humans cannot live without. SP-B protein deficiency is 
fatal in infancy without lung transplantation. 

SP-C is necessary for the stability of the surfactant 
phospholipid film and for stability during dynamic com- 
pression in the respiratory cycle. 2 '’ SP-C-deficient mice 
develop interstitial lung disease with emphysema, epithe- 
lial cell dysplasia, and inflammation. Infants with SP-C 
deficiency have RDS and pulmonary fibrosis. SP-C is not 
required for the formation of lamellar bodies or tubular 
myelin. 

Other nonpulmonary surfactant-associated alveolar 
proteins are important in host defense: fibronectin, lyso- 
zyme, antiproteases, immunoglobulins (IgA), defensins, 
mucins, and Clara cell proteins. Excluding nonsurfactant 
proteins from the alveolus is critical to surfactant function 
and processing because surfactant homeostasis may be 
disrupted by biood proteins, albumin, fibrin, and edema, 
as well as other substances. 
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Hormonal Effects on Surfactant 
Production 

Antenaral steroids have been extensively studied and have 
been shown to decrease RDS in infants between 24 and 
34 weeks of gestation. There is no increased infection risk 
with rupture of membranes, including prolonged rup- 
ture of membranes or chorioamnionitis. A single course 
of corticosteroids is currently recommended by the 
American College of Obstetricians and Gynecologists 
(ACOG) for pregnant women between 24 weeks and 

34 weeks of gestation who are at risk of preterm delivery 
within 7 days. 2S This course may consist of beta- 
mehasone (2 doses, 24 hours apart) or dexamethasone 
(4 doses, 12 hours apart). A single rescue course may be 
considered if the first course was given more than 2 weeks 
prior in women less than 32 6/7 weeks of gestation who 
are likely to deliver within the next week. Additional re- 
peat courses have not demonstrated any benefit, may be 
associated with poorer outcomes, and are not recom¬ 
mended. 27 ’ 28 There is an increase in RNA within 2 hours 
of the first dose and an increase in protein secretion 
within 12 hours. 2 ' 1 The full effect on surfactant produc¬ 
tion is present by 48 hours after the first dose. Antenatal 
steroid use in infants with less than 24 weeks of gestation 
has not been studied prospectively, but its use may be 
beneficial if resuscitation is planned. 

Thyroid hormones, in addition to other hormones, are 
also important for lung development. Because thyroid hor¬ 
mones do not cross the placenta, several investigators ex- 
amined antenatal thyrotropin-releasing hormone for the 
prevention of RDS in preterm infants. Unfortunately, no 
benefit was demonstrated in multicenter clinical trials. 30,31 

Fetal Lung Maturity Testing 

Measurement of phospholipids in the amniotic fluid can 
be used to determine fetal lung maturity, because phos- 
phatidylglycerol (PG) and phosphatidylcholine (lecithin) 
increase while sphingomyelin decreases during gestation. 
Available tests include quantification of phospholipids 
present in the amniotic fluid and measurement of surfac¬ 
tant characteristics as well as function and number of 
lamellar bodies (Table 14-2). 32 The first test used for this 
purpose was based on the lecithin-to-sphingomyelin ratio. 
PG measurement in the amniotic fluid is a more accurate 
test than lecithin-to-sphingomyelin ratios. PG is produced 
by type II pneumatocytes and is nearly undetectable until 

35 weeks of gestation. Interestingly, PG is not required for 
surfactant function but correlates with pulmonary matu¬ 
rity. PG is now the basis of a rapid and inexpensive slide 
agglutination test (Amniostat-FLM-PG; Irvine Scientific, 
Santa Ana, Calif.) with 90% sensidvity. PG can be used for 
both amniotic fluid and vaginal pool samples in infants 
with premature rupture of membranes. False positives can 
occur if the samples are contaminated by bacteria contain- 
ing PG in their cell wall. The TDx-FLMII (Abbott Diagnos- 
tics, Abbott Park, 111.) a widely method to assess fetal lung 


TAB LE 14-2 


Fetal Lung Maturity Testing - 


Quantification 
of Surfactant 
Components 

Mature 

Transitional 

Immature 

Phospholipid 

measurement 

Lecithin-to- 

>2.0 

1.5-2.0 

<1.5 

sphingomyelin ratio 
Phosphatidylglycerol 

Present 

Trace 

Absent 

Desatu rated 

>70 

50-70 

<50 

phosphatidylcholine 

Fluorescence 

>50,000 

15,000-70,000 

<15,000 

detection 

Microviscometer assay 
Lamellar bodies 
Lamellar body count 
Surfactant 
characteristics 
Surfactant function 
Foam stability index 

>32,000 

>48% 

47% 

<47% 


Shake test 
Tap test 
Amniotic fluid 
turbidity 
Optical density 
Visual inspection 

*Includes testing values for the five most common tests. 

From Geary CA, Whitsett JA. Amniotic fluid markers of fetal lung maturity. 
In: Spitzer AR, editor: Intensive care of the fetus and neonate, ed 2. 

St. Louis: Elsevier Mosby, 2005:122-132. 


maturity is no longer available. The lamellar body count 
has now increased in popularity because it requires 
less than 1 ml of amniotic fluid, can be performed in 
15 minutes, and retains a good specificity, with a count 
greater than 32,000 predicting a mature lecithin-to-sphin- 
gomyelin ratio in 99% of cases. Specific clinical settings 
need to be considered, because gestational diabetes delays 
maturation and PG is the preferred test. Fetal lung matu¬ 
rity may be accelerated in some but not all pregnancies 
with pregnancy-induced hypertension, intrauterine growth 
restriction, and in utero exposure to maternal smoking 
and cocaine. 

SURFACTANT DYSFUNCTION 
IN ACUTE LUNG INJURY 

Abnormalities in surfactant (quantity or pool size, func¬ 
tion, composition, and metabolism), destruction or inacti- 
vation of surfactant, and direct type II cell damage have 
been described in ARDS and other types of acute lung 
injuries (Table 14-3). 34 

Altered Surfactant Quantity 

The evidence related to altered surfactant pool size in acute 
lung injury is variable. Decreases, increases, and no changes 
in pool size have all been reported. 3 ' 33 This confusion 
reflects the difficulty in quantifying surfactant material 
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TABLE 14-3 


Diseases That Affect Surfactant 


Surfactant Surfactant Surfactant 

Deficiency Inactivation/lnhibition Dysfunction 


Respiratory 

Aspiration syndromes 

SP-C deficiency 

distress 

syndrome 

Meconium 


SP-B deficiency 

Biood 

Amniotic fluid 

ABCA3 deficiency 


Pulmonary hemorrhage 

Congenital 

diaphragmatic 

hernia 


Infections 

Pneumonia 

Smoking and COPD 


Respiratory 

Lung 


syncytial virus 

Sepsis 

ARDS caused by: 

Near drowning 

Smoke inhalation 
Transfusions 

Trauma 

Sepsis 

Pulmonary diseases 
Asthma 

Cystic fibrosis 

transplantation 


ARDS, Adult respiratory distress syndrome; ABCA3, member A3 of the 
ATP binding cassette family of proteins; COPD, chronic obstructive pul- 
monary disease; SP-B, surfactant protein B; SP-C surfactant protein C. 


obtained from bronchoalveolar lavage. Different clinical 
factors or types of lung injuries may affect the lung and 
surfactant function differently. For example, prolonged 
exposure to 85% oxygen results in type II alveolar cell hyper- 
plasia and increased surfactant secretion, whereas 100% 
exposure decreases alveolar cell numbers and surfactant 
secretion. 20,35 Direct type II cell injury or necrosis will result 
in a decreased surfactant pool. At present, no firm conclu- 
sions can be drawn regarding the effects of acute lung injury 
on the quantity of surfactant. 

Altered Surfactant Composition 

A consistent finding in studies of acute lung injury is that 
alterations in the composition of surfactant occur. These 
fmdings include a decrease in surfactant-associated pro¬ 
teins in patients with ARDS and decreases in the quanti- 
ties of phosphatidylcholine and phosphatidylglycerol 
along with an increase in sphingomyelin and other phos- 
pholipids. 37,40 Furthermore, these abnormalities appear to 
reverse with recovery from acute lung injury. 41,42 The rela- 
tionship of these abnormalities in surfactant composition 
to lung dysfunction is unknown, but surfactant isolated 
from animal models of lung injury has abnormal surface 
activity in vitro. 42,43 

Altered Surfactant Metabolism 

Studies indicate that surfactant metabolism may be al¬ 
tered in acute lung injury. Animals injured by hyperoxia 


have decreased incorporation of surfactant precursors into 
lung tissue that reverses with recovery. 44 Other animal 
models show more rapid conversion of large to small sur¬ 
factant forms that have poor surface tension-lowering 
properties. Bronchoalveolar lavage specimens from pa¬ 
tients with ARDS also support evidence of altered surfac¬ 
tant metabolism, showing increased levels of proteases 
and alterations in the density profiles of surfactant. 45 

Surfactant Inactivation 

Inactivation by proteins is the most common surfactant 
abnormality seen in acute lung injury. These proteins com- 
petitively displace surfactant phospholipid from the alveo¬ 
lar monolayer and are less surface-active molecules than 
surfactant; this results in a decreased capacity to reduce 
surface tension. 

Many etiologies are associated with increased capillary 
permeability leading to pulmonary edema and resulting in 
surfactant inactivation. Albumin, hemoglobin, fibrin, 
complement, biood, meconium, and other proteins may 
gain access to the alveolar space secondary to alveolar- 
capillary membrane damage and have been shown in vitro 
to diminish the surface tension-reducing properties of 
surfactant. 45 ' 4 Proteins compete with surfactant for the 
air-fluid interface and interfere with monolayer forma¬ 
tion. 48 Several biood components are strong inactivators 
of surfactant including hemoglobin, fibrin, fibrinogen, 
red biood cell membrane lipids, immunoglobulins, and 
plasma proteins. Similarly, several substances in meco¬ 
nium inactivate or alter surfactant function, including 
proteolytic enzymes, free fatty acids, phospholipases, bile 
salts, lanugo, squamous cells, bilirubin, steroid compounds, 
cholesterol, and triglycerides. 12 Regardless of the etiology, 
surfactant inactivation leads to diminished lung compli- 
ance, increased intrapulmonary shunting, and atelectasis 
characteristic of ARDS (Figure 14-6). 49 

CLINICAL APPLICATIONS 
AND REPLACEMENT 

The typical clinical presentation of surfactant deficiency is 
summarized in Table 14-4. At present, exogenous surfac¬ 
tant administration is most commonly used for prophy- 
laxis or treatment of preterm infants with RDS. It is also 
increasingly used in neonates as well as pediatric and adult 
patients in diseases associated with or leading to surfactant 
inactivation. 

Respiratory Distress Syndrome 
Incidence 

Typically, RDS affects premature infants born at less than 
35 weeks of gestation. Its incidence increases with lower 
gestational ages. RDS affects 86% of infants weighing 501 to 
750 g at birth, 79% of infants weighing 751 to 1000 g, 48% 
of infants at 1000 to 1250 g, and 27% between 1251 and 
1500 g. 50 Representative chest radiographs of a premature 
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FIGURE 14-6 Four pathways that contribute to surfactant dysfunction during acute lung injury. 
FRC, Functional residual capacity; SP-A, surfactant protein A. 


TABLE 14-4 


Clinical Presentation of Surfactant Deficiency RDS and ARDS 


Pathophysiology Laboratory Changes Physical Examination Radiographic Changes 


Atelectasis 

i Po 2 

Lung 

Diffuse reticular granular pattern 

Ifrc 

t Carbon dioxide 

Tachypnea 

Air bronchograms 

Ventilation-perfusion mismatch 

Metabolic acidosis 

Apnea 

Increased work of breathing (nasal 
flaring, retractions, grunting) 
i Breath sounds 

Poor air entry 

Cardiovascular 

Cyanosis (oxygen requirement) 

Pallor 

Poor perfusion 

Atelectasis 


ARDS', Acute respiratory distress syndromt*: FRC, functional residual capacity; Po 2 , oxygen pressure; RDS, respiratory distress syndrome. 


infant with RDS before and after surfactant administration 
as well as typical pathology findings in RDS are presented in 
Figure 14-7. 

Treatment 

Early experimental animal studies with administration 
of phospholipid mixtures showed some effect, but more 
dramatic and sustained improvements in oxygenation 
could be demonstrated only with natural surfactant 
complexes, harvested from the lavage of adult rabbit 
lungs, and later obtained from cows, pigs, and human 
amniotic fluid. Bioactivity of the synthetic preparations 
was improved with the addition of alcohols such as 
hexadecanol as well as tyloxapol (a formaldehyde poly¬ 
mer) to enhance dispersion and spread in the aqueous 
phase. 


The first human trial in 1980 by Fujiwara and col- 
leagues showed that natural animal-derived surfactant was 
effective in treating 10 premature infants with RDS. 1 The 
investigators instilled 3 to 5 ml of surfactant (from minced 
bovine extract and containing DPPC) directly to the tra- 
chea and enhanced distribution by changing the position 
of the infant. They demonstrated a prompt increase in 
oxygenation after one dose that was sustained for 2 to 
3 days in some infants. This represented a marked im- 
provement when compared with results obtained with 
synthetic DPPC. 

Large controlled trials have since established that sur¬ 
factant preparations greatly reduce mortality in preterm 
infants. Surfactant replacement for prophylaxis or treat¬ 
ment of RDS has reduced the risk of pneumothorax 
by 30% to 65% and death by about 40%. 51 Early analysis 
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FIGURE 14-7 A, Chest radiograph ofa premature infant with respiratory distress syndrome (RDS) 
demonstrating diffuse reticulogranular pattern (ground-glass appearance), air bronchograms, and 
low lung volume. B, Chest radiograph of the same premature infant after surfactant administration, 
demonstrating improved lung volumes. C, Photomicrograph of normal alveoli, demonstrating normal 
microscopic structure of the lung ofa newborn infant. Clear areas are the air-containing expanded 
alveoli. The colored structures that form a honeycomb lattice are the walls that line the alveolar space. 
D, Microscopic structure ofthe lung from a premature infant who died of RDS. The normal honeycomb 
lattice is collapsed (atelectasis), the alveolar walls are adherent to each other, and the lung is almost 
airless. Those air-containing spaces (clear areas) that do remain are lined by a pink-staining layer of 
inflammatory protein termed the hyaline membrane. (Photos courtesy Drs. David Kaufman and Robin 
LeCallo.) 


showed. a possible decrease in bronchopulmonary dyspla- 
sia, but it is now accepted by experts in the held that 
surfactants do not reduce the overall incidence of chronic 
lung disease or bronchopulmonary dysplasia. 2 Surfactant 
administration is also not associated with significant 
changes in intraventricular hemorrhage (IVH), patent duc- 
tus arteriosus (PDA), or retinopathy of prematurity. How- 
ever, in one study, infants weighing more than 1250 g had 
a lower incidence of IVH and PDA. 52 

Two clinical strategies are currently used: (1) prophy- 
laxis within 15 to 30 minutes of birth in small premature 
infants and (2) rescue treatment in infants with clinical 
evidence of RDS. 

Prophylactic Surfactant 

Prophylactic surfactant administration grew out of ani- 
mal data demonstrating decreased epithelial damage and 


pulmonary edema when surfactant is given in the first 
15 minutes of life. 53 

Prophylactic surfactant is administered after initial sta- 
bilization in the first 15 minutes after birth, compared 
with 1.5 to 7.4 hours in rescue strategies. Initial studies 
comparing prophylactic to rescue surfactant favored the 
former with noted decrease in mortality, pneumothorax, 
and pulmonary interstitial emphysema. 2 The majority of 
studies included larger premature infants (up to 30 weeks 
of gestation) and were conducted before the era of system¬ 
atic antenatal steroid administration and routine postde- 
livery stabilization on continuous positive airway pressure 
(CPAP). All these factors are likely to have affected the 
rates of RDS, air leak, IVH, and mortality. Therefore, there 
is some debate as to whether a lower threshold for prophy- 
laxis (e.g., less than 750 g, less than 1000 g, or less than 
27 to 28 weeks of gestation) would define a higher risk 
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group and avoid unnecessary prophylaxis of more mature 
infants. 

Two large randomized controlled trials (the COIN and 
SUPPORT trials) 54,5- ' have examined the use of early stabi- 
lization with nasal CPAP (NCPAP) versus early intubation 
and surfactant administration in extremely low birth 
weight infants. In the COIN trial, 55 6 1 0 extremely preterm 
infants (25 to 28 weeks of gestation), who were not 
intubated at 5 minutes of life, were randomized to either 
NCPAP or intubation with ventilation. 56 A distending 
pressure of 8 cm H 2 0 was used in the NCPAP group, nota¬ 
bly higher than CPAP levels used in other centers. The 
authors’ rationale to start with 8 cm was that distending 
pressure is important for maintaining functional residual 
capacity and for improving lung compliance and oxygen- 
ation, and 8 cm H 2 0 had been shown to be more effective 
than a lower pressure. 3 ’ Forty-six percent of infants in the 
NCPAP group eventually required intubation (55% for in¬ 
fants born at 25 or 26 weeks of gestation and 40% for those 
born at 27 or 28 weeks of gestation). The total days requir- 
ing intubation and ventilation were less in the NCPAP 
group (P < 0.001). The need for surfactant use was 
50% less in the NCPAP group (38% vs. 77%; P < 0.001). 
Pneumothorax was more common in the NCPAP group 
(9.1% vs. 3%; P < 0.001), with 98% of those infants needing 
intubation, but there was no increase in intracranial hem- 
orrhage. There was no difference in oxygen requirement 
at 36 weeks postmenstrual age, mortality, or length of 
hospitalization. In the SUPPORT trial, 54 1316 extremely 


preterm infants (24 to 27 weeks of gestation) were ran- 
domly assigned to nasal CPAP in the delivery room or 
intubation and surfactant treatment (less than 1 hour 
after birth). Infants in the CPAP group less frequently 
required intubation or postnatal corticosteroids for bron- 
chopulmonary dysplasia (P < 0.001), required fewer days 
of mechanical ventilation (P = 0.03), and were more likely 
to be alive and free from the need for mechanical ventila¬ 
tion by day 7 (P = 0.01). There was no difference in the rate 
of bronchopulmonary disease (BPD; 47.8 vs. 51%). 

These studies suggest that for infants older than 24 weeks 
and demonstrating adequate respiratory effort, the use of 
early CPAP is a reasonable alternative to early intubation for 
prophylactic surfactant. However, clear guidelines for surfac¬ 
tant administration need to be in place if such strategies are 
to be applied successfully. It is also important to remember 
that in ventilated preterm infants, early surfactant adminis¬ 
tration results in decreased mortality (RR 0.84; 95% confi- 
dence interval [Cl] 0.74 to 0.95) and chronic lung disease 
(RR 0.69; 95% Cl 0.55 to 0.86). 5S 

Strategies for surfactant administration are summa- 
rized in Table 14-5. 

Rescue Surfactant and Repeat Doses 

In patients to whom prophylactic surfactant is not given, 
clinical signs and symptoms of RDS can be used to determine 
the need for surfactant administration (see Table 14-4). How¬ 
ever, specific criteria for surfactant administration for infants 
on CPAP are still an area of debate. A reasonable approach 


TABLE 14-5 


Surfactant Delivery 


Comments 


Studies 


Timing 

Prophylaxis 

Rescue 

Subsequent dosing 


Administration 

Adapter 


Delivery 


Dose 


Surfactant given <15 minutes after birth, 
before symptoms appear 
At time of clinical signs and symptoms 
Required if inactivation or insufficient delivery 
of surfactant 


ETT with side adapter or Y-adapter attached 
to ETT 

Bolus intratracheal administration 


75-100 mg/kg 


i PTX and mortality in infants <31 wk 72 
1 PTX and mortality 2 

Surfactant may be redosed in the first 48-96 h 
after presentation 

Usually one or two doses are sufficient. Third 
and fourth doses did not improve outcomes 73 

Minimizes desaturation caused by disconnection 
from positive pressure ventilation or the ventilator 
for administration 

Bolus administration i homogeneous distribution 
Slow infusion 1 nonhomogeneous distribution 
pattern in animals 

Aerosolization 1 only small amounts of aerosol- 
ized surfactant are delivered to the lung 74 
Efficacy currently being reevaluated as noninvasive 
ventilation becomes more common ■ 

75-100 mg/kg to overcome destruction by 
macrophages and inhibition by plasma proteins 
1 00 and 1 20 mg/kg produced better results than 
50 and 60 mg/kg 76,77 

Equal efficacy of 100 and 200 mg/kg of porcine 
surfactant 78,79 


Continued 
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TABLE 14-5 


Surfactant Delivery—cont’d 

Comments 

Studies 

Surfactant products and 

Intratracheal administration 

Calfactant: 3 ml/kg (105 mg) q6h up to four 

dose (phospholipid/dose) 


doses 

Poractant: 2.5 ml/kg (200 mg), then 1.25 ml/kg 
(1 00 mg) q 12h 

Beractant 4 ml/kg (1 00) q6h up to four doses 

Aliquots 

To enhance delivery distribution in the lung 

No difference if dose is divided into two or four 
aliquots 80 

Positioning 

Position infant with either the right or left 

Although recommended, it is not necessary to 

side dependent for administration in 

move infant into different positions during 


two aliquots 

insti 1 lation because exogenous surfactant has 


Deliver as fast as possible for improved 
distribution 

Maintain the position for about 10 seconds 
Note: a four-position, four-aliquot technique 
is equivalent 

remarkable spreading properties 

Monitoring 


Oxygenation 

Heart rate 

Presence of surfactant in the ETT 

Side effects include cyanosis, bradycardia, reflux of 
surfactant into the ETT, and airway obstruction 
Surfactant delivery should be paused until vital 
signs recover and ETT clears of visible surfactant 
Infant may need to be repositioned prone and 
positive pressure ventilation increased for lung 
inflation 

ETT, Endotracheal tube; PTX, pneumothorax. 



would be to provide early rescue surfactant for those infants 
with evidence of moderate to severe RDS on chest radiograph 
and fraction of inspired oxygen (Fio 2 ) above 30% to 50% 
(depending on gestational age and whether or not antenatal 
steroids were used). 59 There is evidence that early rescue sur¬ 
factant results in decreased need for mechanical ventilation, 
decreased BPD, and decreased pneumothoraces, particularly 
when given at a lower threshold (Fio 2 < 0.45). 60,61 Surfactant 
can be provided using the intubation-surfactant-extubation 
(INSURE) procedure. Risk factors for INSURE failure include 
weight less than 750 g, Po 2 /Fio 2 less than 218, and arterial/ 
alveolar oxygen tension ratio (a/Apo 2 ) less than 0.44. 62 The 
use of a laryngeal mask airway, obviating the need for intuba- 
tion and possibly mechanical ventilation, has been shown to 
be effective in larger infants. 1 " 3 Additionally, other minimally 
invasive methods of surfactant administration, including 
aerolized surfactant 64 or via insertion of a thin catheter into 
the trachea, 65 are currently being investigated to facilitate the 
administration of surfactant in spontaneously breathing 
infants with RDS. 

Redosing of surfactant in infants with RDS has been 
shown to result in improved oxygenation, decreased 
ventilatory requirement, and fewer pneumothoraces. 66 
The criteria for surfactant redosing remains an area of 
controversy. A few studies have demonstrated some short- 
term but no long-term benefits with retreatment at a low 
threshold (still intubated, mean airway pressure greater 


than 6 cm FI 2 0, with Fio 2 more than 0.030), versus high 
threshold (still intubated, mean airway pressure greater 
than 7 cm FI 2 0 and Fio 2 more than 0.040) or an increase 
in Fio 2 up to 0.10. 31 Early rescue compared with late res¬ 
cue strategies have demonstrated decreased mortality and 
decreased incidence of pneumothorax. 6 ' 

Natural versus Synthetic Preparations 

At present there are several different types of exogenous 
commercial surfactants 31 ’ 68 (Table 14-6): minced bovine 
lung lipid extracts enriched with synthetic lipids (beractant 
[Survanta, Abbott Nutrition, Columbus, OFI, and surfac¬ 
tant TA [Surfacten, Mitsubishi Tokyo Tanabe Pharma, 
Tokyo, Japan]), bovine lung lavage lipid extracts (calfactant 
[Infasurf, ONY Inc., Amherst, NY] and bovactant SF-RI 
[Alveofact, Boehringer Ingelheim, Ingelheim, Germany]), 
minced porcine lung enriched by chromatography (porac- 
tant alpha [Curosurf; Chiesi Farmaceutici, Parma, Italy], 
and a mixture of synthetic lipids. The bovine surfactants 
contain SP-B and SP-C, but not SP-A. Calfactant contains 
much more SP-B and SP-C than does beractant. The syn¬ 
thetic surfactants contain no proteins. Compared with 
older synthetic surfactants, natural surfactants have a more 
rapid onset of action, allow the fraction of inspired oxygen 
to be reduced faster, and decrease the incidence of pneumo¬ 
thorax as well as mortality. Clinical trials comparing diff¬ 
erent natural surfactants have not clearly demonstrated 







TABLE 14-6 


Exogenous Commercial Surfactants 






Surfactant Type 


COMPOSITION 








Phospholipid 

Suggested Dose 



Generic (Trade Name) 

% DPPC 

Protein 

Concentration 

(Phospholipids/ Dose) 

Advantages 

Disadvantages 

Native Surfacant 

40%-50% 

SP-A,B,C,D 





Synthetic Surfactants 

Colfosceril palmitate (Exosurf) 1 

84.5% 

None 

13.5 mg/ml 

5 ml/kg 

No risk of disease 

Lower resistance to inactivation 

Glaxo Wellcome, USA 



(67.5 mg/kg) 

transmission 

Lack surface active apoprotein 

Pumactant (ALEC) 

70% 

None 

40 mg/ml 

1.2 ml/kg 

Less immunological 

Less rapid improvement in gas 

Britannia Pharmaceutical, UK 




(100 mg/kg) 

rejection 

Completely defined 

exchange (Exosurf, ALEC) 






formulation 


Lucinactant (Surfaxin)t 

75% 

Sinalpultide (KL-4) 

30 mg/ml 

5.8 ml/kg 



Discovery Laboratories, USA 


= SP-B equivalent 


(175 mg/kg) 



rSP-C (Ventricute) 

67% 

rSP-C 

50 mg/ml 

1 ml/kg 



Byk Guiden, Germany 

Modified Natural Surfactants 
Bovine 




(50 mg/ml) 

Contains surfactant 

Transmission risk 

Surfactant TA (Surfacten) 

50% 

<0.5% 

30 mg/ml 

4 ml/kg 

apoproteins SP-B 

Unwanted constituents 

Tokyo Tanabe Co, Japan 


SP-B; SP-C 


(120 mg/kg) 

and SP-C 

May contain proinflammatory 

Beractant (Survanta)l 

50% 

<0.5% 

25 mg/ml 

4 ml/kg 

Higher resistance to 

mediators 

Abbott Laboratories, USA 


SP-B; SP-C 

(100 mg/kg) 

inactivation 

May be immunogenic 

Bovactant SF-RI 

40% 

~1% 

41.7 mg/ml 

1.2 ml/kg 



(Alveofact)* * 


SP-B; SP-C 

(50 mg/kg) 



Boehringer Ingelheim, Germany 
Calfactant (Infasurf)* 1 

50% 

SP-B; SP-C 

35 mg/ml 

3 ml/kg 



ONYInc, USA 




(105 mg/kg) 



Bovine lipid extract surfactant 

40% 

~1% 

27 mg/ml 

5 ml/kg 



(bLES) 

BLES Pharmaceuticals, Canada 

Porcine 


SP-B; SP-C 

(135 mg/kg) 




Poractant alpha (Curosurfjf 

35% 

~1% 

76 mg/ml 

2.5 ml/kg then 



Chiesi Farmaceutici Pharma, Italy 


SP-B; SP-C 


1.25 ml/kg 




(200 mg/kg then 100 
mg/kg) 


ALEC Artificial lung-expanding compound; DPPC } dipalmitoylphosphatidylcholine; rSP-C, recombinant surfactant protein C; SP, surfactant protein. 

*Obtained from lung lavage as opposed to minced lung extracts. 

+FDA approved for use in the United States. 
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one product to be better than another. 2 A new genera¬ 
tion of synthetic surfactants incorporating genetically 
engineered SP-B or SP-C protein equivalent (pumactant 
[Zofac, airPharma, Overland Park, KS, and ALEC, Britannia 
Pharmaceuticals, Crawley, UK] and lucinactant [Surfaxin, 
Discovery Laboratories, Warrington, PA], respectively) are 
currently being studied. In trials, lucinactant appears to 
offer a level of efficacy similar to that of natural surfac¬ 
tants. 1,69 " 71 There are currently five surfactants approved by 
the Food and Drug Administration for use in the United 
States: the recently approved lucinactant, beractant, porac- 
tant alpha, calfactant, and colfosceril palmitate (which is 
no longer marketed). 

Nonresponders 

Although most infants respond favorably to treatment, 
about 20% of infants thought to have RDS have little or no 
response. These infants may have other disease processes 
such as pneumonia, pulmonary hypoplasia, or congenital 
heart disease. Full-term infants with RDS, surfactant non¬ 
responders, and infants who cannot be extubated in the 
first weeks of life because of their respiratory condition 
should be evaluated for SP-B deficiency, alveolar capillary 
dysplasia, and a r antitrypsin deficiency. 

Pulmonary Hemorrhage 

Biood is a strong inactivator of surfactant, with several of 
its components (such as hemoglobin, fibrin, fibrinogen, 
red biood cell membrane lipids, immunoglobulins, and 
plasma proteins) contributing to this process. Inactiva- 
tion can occur as a result of pulmonary hemorrhage, 
hemorrhagic edema, or biood aspiration during birth or 
trauma. 

Pulmonary hemorrhage or hemorrhagic edema oc- 
curs in 3% to 5% of infants with RDS. 81 The presence 
of a PDA is a risk factor because of the potential large 
systemic-to-pulmonary vascular pressure difference be- 
tween the descending aorta and pulmonary vasculature. 
Pulmonary hemorrhage can occur after subsequent sur¬ 
factant administration because it decreases pulmonary 
vascular resistance further and increases the potential 
for a large pressure gradient if a PDA is present. The ef¬ 
ficacy of surfactant therapy was reported in 15 neonates 
with respiratory deterioration caused by pulmonary 
hemorrhage. 82 Mean oxygen index improved from 24.6 
at 0 to 3 hours presurfactant to 8.6 at 3 to 6 hours post- 
surfactant (P < 0.001). No patient deteriorated after 
surfactant therapy. Randomized controlled trials evalu- 
ating surfactant replacement therapy for neonates with 
pulmonary hemorrhage are still lacking. 83 

Meconium Aspiration Syndrome 

Meconium aspiration syndrome (MAS) affects 5% to 10% 
of all infants born through meconium-stained fluid. The 
pathophysiology of MAS includes mechanical airway ob¬ 
struction, Chemical pneumonitis, and secondary infection. 


Mounting evidence also points to the role of surfactant 
inactivation in the development of MAS. 84,85 Mechanisms 
of surfactant inactivation in MAS include the following 12 : 
Disruption of the surfactant monolayer by fatty acids 
present in the meconium 

Production of holes in type II cells by phospholipids, 
causing asymmetry of the surfactant monolayer 
Bile acid-induced Ca 2+ influx in type II cells 
■ Influx of neutrophils producing proteases that degrade 
surfactant 1 to 2 hours after aspiration 
Decreased levels of SP-A and SP-B 

These alterations interfere with the ability of surfactant 
to lower surface tension in children with MAS. 

The efficacy of surfactant replacement therapy in MAS 
was first reported in a retrospective study and has been 
confirmed in several uncontrolled, retrospective studies, 
four randomized controlled trials, and a meta-analysis. 86-88 
Findlay and co-workers studied 40 term infants receiving 
mechanical ventilation for MAS and randomized them to 
either beractant or placebo. 88 They reported that surfac¬ 
tant replacement, started within 6 hours of birth, im- 
proves oxygenation, reduces the incidence of air leaks, and 
reduces the severity of pulmonary morbidity. It also de¬ 
creased the need for extracorporeal membrane oxygen¬ 
ation (ECMO) from 30% to 5%. Dosing was 6 ml/kg 
(150 mg) of surfactant, which is slightly higher than used 
for RDS alone, and surfactant was administered every 
6 hours up to four doses. 

Lotze and co-workers, in a multicenter, randomized, 
double-blind, placebo-controlled trial of beractant versus 
placebo, demonstrated that surfactant significantly de¬ 
creased the need for ECMO in the treatment of term new- 
borns with respiratory failure. 89 There may also have been 
benefit for infants in this study with persistent pulmonary 
hypertension and sepsis. This was not associated with in- 
crease in the risk of complications, including no change 
in the incidence of air leak. Findlay and co-workers 
demonstrated improved outcomes with earlier administra¬ 
tion compared with Lotze and co-workers (6 hours vs. 
31 hours). 

Finally, the Chinese Collaborative Study Group for 
Neonatal Respiratory Diseases published the results of a 
multicenter, controlled trial of 61 term infants with severe 
MAS randomized to receive poractant alpha (200 mg/kg) 
versus placebo. There was a significant improvement in 
oxygenation in the poractant alpha-treated group, with 
no change in the incidence of major complications or 
difference in survival (no patients received ECMO). 90 

A meta-analysis confirmed that surfactant replace¬ 
ment for MAS decreases the need for ECMO (RR 0.64, 
95% Cl, 0.46, 0.91) with a number needed to treat of 
6 (95% Cl, 3, 25). However, there were no significant 
benefits in any other outcomes including mortality, dura¬ 
tion of assisted ventilation or supplemental oxygen, re¬ 
spiratory complications (e.g., pneumothorax, pulmonary 
interstitial emphysema), or chronic lung disease. 91 
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The use of dilute surfactant lavage has also been stud- 
ied in severe MAS. The principle is that both surfactant 
delivery and meconium removal can be achieved by la¬ 
vage, because surfactant facilitates the removal of foreign 
debris. A pilot trial using large volumes (48 ml/kg of 
lucinactant) reported not statistically significant trends 
toward more rapid extubation and decreased Fio 2 re- 
quirements for lucinactant-lavaged infants. 92 However, 
one third of the patients had bloody effluents, and more 
infants in the lavage group (one third) met failure crite- 
ria. In addition, surfactant-saline lavage was associated 
with significant oxygen desaturation during administra¬ 
tion, resulting in interruption of the procedure in 20% of 
the subjects because of hypoxemia or hypotension. The 
effects of surfactant lavage with lower volume (15 ml/kg 
of lucinactant) were evaluated in a small randomized 
controlled trial (66 infants with MAS). 93 There was no 
change in duration of respiratory support, but the com- 
bined outcome of mortality or need for ECMO was re- 
duced in the lung lavage group (10% vs. 31%, OR 0.24; 
95% Cl, 0.060 to 0.97). Tolerance was improved with this 
lower volume of lung lavage, with only transient desatu- 
rations and no associated changes in heart rate or biood 
pressure noted during administration. 

Randomized trials are needed to compare surfactant 
lavage strategies versus standard surfactant administra¬ 
tion, because they may have the same efficacy. In addition, 
saline may not be an ideal fluid for lung lavage and per- 
fluorocarbons (used in liquid ventilation trials) may offer 
an attractive alternative because they have gas exchange 
properties. 

In summary, for MAS, surfactant given early in patients 
meeting similar respiratory criteria as those with surfactant 
deficiency (intubated on more than 30% to 40% oxygen) 
and redosing using similar criteria is important to translat¬ 
ing this evidence into clinical practice. 

Pneumonia and Sepsis 

Infection and inflammation are associated with inflamma- 
tory mediators (transforming growth factor (3, tumor ne- 
crosis factor a, interleukin [IL] -1, IL-5, IL-6, and IL-8) that 
lead to surfactant alteration, some degree of capillary leak, 
and pulmonary edema. 94 The combination of edema and 
leak of plasma proteins into the alveolus leads to surfac¬ 
tant dysfunction. Microorganisms may also directly injure 
type II cells. Specific microbes may produce substances 
that downregulate SP-B and SP-C production, catalyze 
phospholipid hydrolysis (breakdown), and alter fatty acid 
composition. In animal studies of group B Streptococcus 
pneumonia, surfactant decreased bacterial proliferation 
and improved compliance compared with Controls. 93 ’ 96 

A retrospective study of 118 infants with group B Strep¬ 
tococcus infection demonstrated improvement in oxygen- 
ation and mean airway pressure. 9 The authors compared 
the infected surfactant-treated group with infants with 
RDS and noted that the infected patients had a slower 


response and were more likely to need repeated doses. 
In the multicenter placebo-controlled trial in neonates by 
Lotze and co-workers discussed earlier, 30% of the enrolled 
infants in both groups had sepsis. 89 Surfactant decreased 
the need for ECMO, and the effect was greatest in the in¬ 
fants with an oxygen index between 15 and 22, suggesting 
that earlier treatment may improve outcomes. Random¬ 
ized controlled trials are required to evaluate this issue 
further. 98 

Congenital Diaphragmatic Hernia 

Infants with congenital diaphragmatic hernia (CDH) have 
immature lung development. In addition, relative surfac¬ 
tant deficiency has been demonstrated in animal models 
as well as in infants with CDH. 99,100 Exogenous surfactant 
replacement first demonstrated some efficacy in infants 
with CDH in a series of small case reports. 101 ' 103 Several 
large series have reported improved outcomes (survival 
and no need for ECMO) in infants with CDH. In these 
studies patients received surfactant as part of a gentie 
ventilation strategy aimed at limiting barotraumas and 
volutrauma (with either conventional or high-frequency 
ventilation), with some patients also receiving nitric 
oxide. 104-108 The use of surfactant in infants with CDH has 
been incorporated into the treatment protocols of patients 
with CDH at many centers. Analysis of data from the CDH 
registry regarding surfactant use in infants with CDH did 
not demonstrate any benefit. 109-112 However, the subjects 
were not randomized, only a subset of the registry was 
analyzed, and there were no specific guidelines for surfac¬ 
tant use or criteria for ECMO. Therefore, it is possible that 
the more severely affected infants with CDH received sur¬ 
factant, skewing the results. Randomized controlled trials 
in this area are still needed to clarify the potential benefits 
of surfactant replacement therapy in infants with CDH. 

Extracorporeal Membrane 
Oxygenation 

ECMO and cardiopulmonary bypass are associated with 
the development of an inflammatory-mediated capillary 
leak syndrome. This leads to fluid and neutrophil accumu- 
lation in the lungs and interstitial tissues, resulting in pul¬ 
monary edema and in turn prolonging time receiving 
ECMO. Inflammatory mediators attract and activate white 
biood cells, possibly contributing to lung injury and edema. 
Some infants receiving ECMO are unable to wean and may 
benefit from surfactant administration if surfactant inhibi¬ 
tion is contributory to their respiratory failure. A blinded, 
randomized, controlled study of multiple-dose surfactant 
therapy demonstrated decreased ECMO duration as well as 
reduced disease complications. 113 Four doses of modified 
bovine lung surfactant extract (beractant) were adminis- 
tered to the surfactant group (n = 28), and an equal vol¬ 
ume of air was administered to the control group (n = 28). 
The ECMO treatment period was significantly shorter in 
the surfactant group (P = 0.023). The overall incidence of 
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complications after ECMO was also decreased in the 
surfactant group (18% vs. 46%; P = 0.025). 

Infants with CDH requiring ECMO are a challenging 
patient group to manage. After surgery, failure to wean ofif 
of ECMO may be due to: 

Severe pulmonary hypoplasia (as indicated by ECMO 
requirement for their management) 

Severe pulmonary hypertension 
Pulmonary edema 
Surfactant inactivation 
Complications of surgery 

One study examined whether surfactant administra¬ 
tion could improve outcomes and decrease the duration of 
ECMO for infants with CDEL 114 These infants received ei- 
ther four doses of surfactant (beractant, n = 9) or an equal 
volume of air (control group, n = 8). Tracheal aspirate 
SP-A concentrations were initially low, and then increased 
over time in both CDH groups. Lung compliance, time to 
extubation, time on oxygen, and total number of hospital 
days were not different between the two groups. 

Acute Respiratory Distress 
Syndrome 

Significant impairments of surfactant production and 
composition have been demonstrated in the lungs of pa¬ 
tients with ARDS. Surfactant alterations include reduced 
phospholipid content and, in particular, reduced DPPC 
levels, as well as decreased levels of surfactant-associated 
proteins. 37,115,116 These changes lead to decreased surface 
activity, resulting in the atelectasis and decreased lung 
compliance characteristic of ARDS. 

Three large trials failed to demonstrate a benefit of surfac¬ 
tant therapy in adult patients with ARDS. 117 ' 119 In children 
with ARDS, the efficacy of surfactant therapy has been as- 
sessed in several pilot studies. Calfactant administration to 
children with hypoxemic respiratory failure resulted in im- 
mediate improvement in oxygenation, as well as a 32% reduc- 
tion in time requiring mechanical ventilation and a 30% re- 
duction in stay in the pediatric intensive care unit. 120 

In a separate study, 20 children with an acute pulmo¬ 
nary disease and severe hypoxemia (13 with systemic or 
pulmonary disease and 7 with cardiac disease) received 
poractant alpha. There was a moderate improvement in 
oxygenation among patients with systemic or pulmonary 
disease but not in children with hypoxemic pulmonary 
pathology in the postoperative period of cardiovascular 
surgery. The improvement in oxygenation of the patients 
who survived was greater than that of those who died. 121 

A multicenter, randomized control trial was published 
comparing 153 children with respiratory failure from 
acute lung injury and assigned to 2 doses of calfactant 
12 hours apart versus placebo. 122 Calfactant acutely im- 
proved oxygenation, with a decrease in the oxygen index 
from 20 to 13.9. In addition, there was a significant de¬ 
crease in mortality in the calfactant group, with an odds 


ratio of 2.32 (95% Cl, 1.15 to 4.85). In this study, no differ¬ 
ence in duration of mechanical ventilation, intensive care 
unit stay, or hospital stay was noted. Adverse effects of 
the therapy were minimal, and in those patients who did 
not benefit it did not cause harm. The authors of this 
study have discussed that although this treatment is still 
under investigation, patients with direct lung injury such 
as near drowning, pneumonia, or trauma with severe pul¬ 
monary compromise, may benefit, whereas patients with 
diseases involving ongoing capillary leak (e.g., sepsis) do 
not respond. 

Although promising, the results of these studies 
are confounded by variability in dosing, time of adminis¬ 
tration, and type of surfactant. In addition, attention to 
patient population, immune status, and mechanism of 
lung injury should be integrated into the design of future 
surfactant trials for ARDS. 

Viral Bronchiolitis 

Impairment in surfactant function has been reported in 
patients with viral bronchiolitis, 12 '’ including reduced levels 
of SP-A, SP-B, and SP-D as well as decreased DPPC. 124,12 ’ In 
a small randomized controlled trial of poractant alpha in 
20 infants with severe RSV bronchiolitis surfactant therapy 
appeared to improve gas exchange, reduce peak inspiratory 
pressure, and shorten time on conventional ventilation and 
duration of intensive care unit stay. 126 In a second ran¬ 
domized trial 19 ventilated infants with RSV bronchiolitis 
received beractant or placebo. Again, patients in the sur¬ 
factant group had improved oxygenation, improved lung 
compliance, and shortened time on ventilation. 127 A recent 
Cochrane review concluded that larger trials are required 
to evaluate the efficacy of surfactant replacement in 
bronchiolitis. 128 

Asthma 

Decreased SP-A levels have been reported in sputum 
from patients with acute asthma. 129 In addition, antigen 
challenge of patients with asthma results in altered phos¬ 
pholipid properties and increased surface tension. 130 A 
pilot placebo-controlled trial of surfactant replacement 
therapy (Surfactant TA) was conducted in 11 adult pa¬ 
tients with acute asthma. Respiratory functions were 
significantly improved in all patients in the surfactant 
group, including forced vital capacity, forced expiratory 
volume in 1 second, and arterial partial pressure of oxygen. 
No difference was detected in arterial partial pressure of 
carbon dioxide. 131 However, in 12 children with asthma, 
there was no significant improvement in airflow obstruc¬ 
tion and bronchial responsiveness to histamine after sur¬ 
factant nebulization (Bovactant SF-RI). 132 Additional 
studies, particularly focusing on synthetic surfactant to 
avoid a potential immune response to natural surfactant, 
are necessary to clarify the benefits of surfactant replace¬ 
ment in asthma. 133 
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Cystic Fibrosis 

Multiple studies have looked at surfactant in patients 
with CF, with contrasting results that may be explained 
in part by the age of the patients. In young patients, no 
difference in SP-A levels are noted; however, with the 
development of inflammation, increased levels are ob- 
served. 134 In patients with more chronic CF, SP-A levels 
decrease. 135,136 Griese and co-workers also demonstrated 
deficient surface tension ability of phospholipids in 
patients with CF when compared with healthy control 
subjects. 13 In contrast, Postle and co-workers found no 
difference in phospholipids. 136 In 2005 the surfactant 
function of 20 patients with CF was studied lon- 
gitudinally. The study demonstrated a progressive loss 
of surfactant function, which correlated with increased 
inflammation and decreased lung function. In this study, 
the concentrations of SP-A, SP-C, and SP-D did not 
change, whereas that of SP-B increased. 

No therapeutic trials in children have been published. 
A pilot study of Bovactant SF-RI versus placebo in adults 
with severe CF showed no improvement in lung function 

• 1T7 

or oxygenation. 


FUTURE DIRECTIONS 

Today, thanks to surfactant replacement therapy, RDS is 
an uncommon cause of death in the preterm infant. An- 
nual deaths from RDS in the United States have de¬ 
creased from 10,000 to 15,000 per year in the 1950s to 
less than 1000 in 2002. If surfactant replacement is 
unequivocally effective in treating surfactant-deficient 
preterm infants, current evidence suggests that it may 
prove useful as an adjunctive therapy when surfactant 
dysfunction is a contributing factor in acute respiratory 
failure. Thus surfactant replacement offers promise to 
improve disturbed lung physiology and allow modera¬ 
tion of ventilator support in children with acute respira¬ 
tory failure. 

However, challenges remain in the area of surfactant 
uses and delivery. Technical aspects, including timing of 
delivery, number of doses, and mode of delivery, need to 
be studied in relation to specific disease type. The devel¬ 
opment of less invasive modes of surfactant delivery is 
currently being evaluated and will likely change clinical 
practice in the near future. Other future developments 
are likely to focus on increased use of synthetic sur- 
factants containing genetically engineered surfactant- 
associated proteins. These synthetic surfactants are po¬ 
tentially more effective because of their constant and 
known composition, but they also offer less risk to the 
patient. 

Finally, increased understanding of individual genetic 
polymorphisms regarding surfactant-associated proteins 130,140 
may lead to the identification of patients who will or will not 
benefit from surfactant administration. 


KEY POINTS 


• Pulmonary surfactant is a complex mixture of lipids 
and protein that lowers surface tension proportionally 
to alveolar size and prevents alveolar collapse during 
expiration. 

• Surfactant proteins A and D are important compo- 
nents of innate immunity for inhaled pathogens. 

• Surfactant deficiency, dysfunction, or inactivation 
underlies the pathophysiology of many respiratory 
disorders including, RDS, ARDS, and MAS. 

• Exogenous surfactant replacement therapy was first 
used successfully to treat neonatal RDS. 

• Surfactant replacement therapy is an active area 
of research, with studies investigating its efficacy in 
other patient populations, including those with 

ARDS, asthma, and cystic fibrosis. 


CASE STUDY 1 


An 800-g baby boy is born by spontaneous vaginal delivery 
at 26 weeks of gestation as a result of cervical incompetence. 
The infant is active, with Apgar scores of 5 and 6, and needs 
positive pressure ventilation to establish regular respirations. 
Grunting occurs immediately, and a nasal continuous positive 
airway pressure (NCPAP) of 5 cm H 2 0 is applied after positive 
pressure ventilation at 5 minutes. The chest radiograph dem- 
onstrates a homogeneous ground-glass pattern. The infant’s 
first arterial biood gas determination at 30 minutes of life 
on 70% oxygen produces the following results: pH 7.10; Pco 2 , 
78 mm Hg; Po 2 , 52 mm Hg. 

What would you do at this point? (Note: More than one 
answer may be acceptable.) 

A. Continue NCPAP. 

B. Perform endotracheal intubation. 

C. Perform endotracheal intubation and administer 
surfactant. 

D. I ncrease the Fic> 2 . 


See Evolve Resources for answers. 


CASE STUDY 2 


A full-term infant is delivered by STAT cesarian section for fetal 
heart rate decelerations. Thick meconium is noted when mem¬ 
branes are ruptured during the C section. The obstetrician 
suctions the infant and then the pediatrician performs endotra¬ 
cheal intubation and suctions the airway. On physical exami- 
nation, the infant has significant grunting and intercostal 
retractions. The trachea is reintubated and the infant is placed 
on high-frequency oscillatory ventilation. He requires an Fio 2 
of 1.0 and has preductal saturations of 90% and postductal 
saturations of 85%. The chest radiograph demonstrates bilat¬ 
eral streaky densities throughout the lung fields. 
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6. Which surfactant protein(s) is/are important in 
defense against infection (pick all that apply)? 

A. SP-A 

B. SP-B 

C. SP-C 

D. SP-D 

7. What is the most common complication of surfactant 
administration in the preterm neonate? 

A. Hypoxemia 

B. Airway obstruction 

C. Pulmonary hemorrhage 

D. Infection 

E. Hypotension 

8. What are the benefits of surfactant replacement 
therapy in infants with RDS (pick all that apply)? 

A. Reduction in the severity of RDS 

B. Reduction in the incidence of air leaks (pneumo- 
thorax and pulmonary interstitial emphysema) 

C. Reduction in mortality from RDS by 40% to 60% 

D. Reduction in the incidence of bronchopulmo- 
nary dysplasia 

E. Reduction in the incidence of intraventricular 
hemorrhage 

9. What component(s) of natural surfactant increase(s) 
efficacy compared with synthetic surfactants (pick all 
that apply)? 

A. SP-B 

B. Percentage of DPPC 

C. SP-C 

D. Cholesterol 

10 . What radiographic findings are typical ofa child 
with RDS (pick all that apply)? 

A. Large lung volume 

B. Atelectasis 

C. Air bronchograms 

D. Pulmonary interstitial emphysema 

E. Ground-glass pattern 


What is this infant at risk for? (Note: More than one 
answer may be acceptable.) 

A. Pneumothorax 

B. Persistent pulmonary hypertension of the newborn 

C. Respiratory distress syndrome 

D. Aspiration pneumonia 


See Evolve Resources for answers. 

| ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. What is/are the most abundant components of 
surfactant? 

A. Dipalmitoylphosphatidylcholine (DPPC) 

B. Surfactant protein B 

C. SP-C 

D. Phosphatidylglycerol 

2. Surfactant inactivation and dysfunction have not 
been described in which of the following diseases? 

A. Meconium aspiration syndrome 

B. Asthma 

C. Cystic fibrosis 

D. Congenital heart disease 

E. Sepsis 

3. Natural surfactant preparations come from which 
of the following mammals (select all that apply)? 

A. Pigs 

B. Cows 

C. Calves 

D. Horses 

E. Whales 

4. Which air sac in the following diagram requires higher 
pressure to inflate (assuming similar surface tension)? 



A. Air sac A 

B. Air sac B 

5. Which surfactant-associated protein deficiency is fatal 
in infancy without lung transplantation? 

A. SP-A deficiency 

B. SP-B deficiency 

C. SP-C deficiency 

D. SP-D deficiency 
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Continuous Positive Airway 
Pressure (CPAP) 
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Physiological Effects 
Indications 
Contraindications 
Hazards and Complications 
Delivery Systems and Patient Interfaces 
Mechanical Ventilator CPAP 
Bubble Nasal CPAP 
Infant Flow Nasal CPAP 


Management Strategies 

Initiation 

Application 

Monitoring 

Bedside Care and Airway Management 
Weaning 

Advancing Concepts 

Infant Flow SiPAP 



After readiag this chapter the reader will be able to: 

1. Provide a brief history of the various methods used 
to generate CPAP in infants 

2. Describe the various physiological effects of CPAP 

3. Describe the indications/contraindications for CPAP 

4. Identify commonly used delivery systems and nasal 
interfaces for delivering CPAP 

5. Discuss potential differences in the operation and 
patient response between gas delivery systems and 
CPAP interfaces 

6. Determine various strategies used to manage patients 
receiving CPAP and how these may impact outcomes 


7. Describe monitoring strategies for determining positive 
and negative responses to CPAP 

8. Identify common complications and how they can 
be avoided when using CPAP 

9. Review bedside care procedures, performed by 
clinicians, that contribute to the successful use 
of CPAP in infants 

10. Describe various weaning strategies that have been 
used for withdrawing CPAP in infants 


KEY 


Chronic lung disease 
Continuous positive airway pressure 
(CPAP) 

Functional residual capacity (FRC) 


High-flow nasal cannulas (HFNC) 
Mechanical ventilation 
Partial pressure of carbon dioxide in 
arterial biood (Pacc> 2 ) 


Partial pressure of oxygen in arterial 
biood (Pac> 2 ) 

Work of breathing 


Continuous positive airway pressure (CPAP), also 
called continuous distending pressure (CDP), refers to ap- 
plication of continuous pressure during both inspiration 
and expiration in a spontaneously breathing neonate. By 
providing constant airway pressure, the alveoli are kept 
open, which increases the functional residual capacity 
(FRC) of the lung, thus resulting in better gas exchange. 1 
CPAP has been a standard of care for managing critically 


ill infants for nearly four decades now and has had a sig- 
nificant impact on improving patient outcomes, particu- 
larly when considering the morbidity and mortality of 
low-birth-weight, premature infants. 

CPAP use in neonates was first described by Gregory 
and colleagues 2 in 1971 during an era when efforts to me- 
chanically ventilate infants with respiratory distress often 
resulted in pulmonary air leaks and death. Their rationale 
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Gas inflow Corrugated Reservoir bag (500 ml) 



FIGURE 15-1 Early system used for applying continuous positive airway pressure (CPAP) to infants 
through an endotracheal tube. 


for applying CPAP was to reproduce the physiological ef- 
fects of expiratory grunting, exhibited by infants in respi- 
ratory distress, to maintain their FRC. They accomplished 
this by allowing intubated subjects to breathe spontane- 
ously through a modified T-piece system using a blended, 
humidified gas source and a flow-inflating resuscitation 
bag with a screw-clamp at the tail of the bag, which 
maintained pressure by restricting flow to the atmosphere 
(Figure 15-1). In another method, nonintubated subjects 
were placed into a sealed head chamber that was pressur- 
ized with fresh gas to produce effects similar to endotra¬ 
cheal tube CPAP but without the potential risks associated 
with the use of an endotracheal tube. 2 

Early attempts were made to provide a noninvasive 
form of CPAP to the lung; for example, infants were placed 
in a box with their head out through a loose-fitting cuff 
around the neck and negative pressure was applied con- 
tinuously to the infant’s chest wall. 3 ' 5 Further efforts to 
avoid intubation were accomplished with the application 
of nasal prong CPAP, which was first described by Kattwin- 
kel and colleagues in 1973. 6 Today, nasal prong CPAP is 
the most common method by which CPAP is delivered to 
spontaneously breathing infants with respiratory disease. 

This discussion focuses primarily on nasal CPAP deliv- 
ery systems and interfaces that are most commonly used 
in clinical practice for newborn infants. These systems 
include ventilator-derived CPAP (V-CPAP), bubble CPAP 
(B-CPAP), and Infant Flow CPAP (IF-CPAP). Box 15-1 lists 
terms that are often used to describe these modes and 
methods described in this chapter. 

Chapter 17 (Invasive Mechanical Ventilation of the 
Neonatal and Pediatric Patient) discusses CPAP delivery 
through the mechanical ventilator when using an endotra¬ 
cheal or tracheostomy tube. Chapter 16 (Noninvasive Me¬ 
chanical Ventilation of the Infant and Child) discusses 


Box 15-1 


Terms Used to Describe Noninvasive 
Pressure 


CPAP: Continuous positive airway pressure 
V-CPAP: Ventilator-derived continuous positive airway 
pressure 

B-CPAP: Bubble continuous positive airway pressure 
IF-CPAP: Infant Flow continuous positive airway pressure 
IF-SiPAP: Infant Flow “sigh” positive airway pressure 


noninvasive forms of support, including CPAP, that are 
commonly used in larger infants and pediatric patients. 


PHYSIOLOGICAL EFFECTS 

CPAP increases functional residual capacity in patients with 
respiratory distress syndrome. It improves partial pressure 
of oxygen in arterial biood (Pao 2 ), improves lung me- 
chanics, 8,9 reduces thoracoabdominal asynchrony, 10,11 stabi- 
lizes the chest wall, 1: improves the ventilation-to-perfusion 
ratio, 13 and improves the distribution of ventilation. 
CPAP in spontaneously breathing infants with respiratory 
failure improves the breathing strategy as reflected by im- 
proved work of breathing, increased tidal volume, and a 
reduction in “labor breathing index.” 11 CPAP decreases 
the respiratory rate and increases the expiratory time and 
the time constant of the respiratory system. 14 The charac- 
teristic protective expiratory braking observed in prema- 
ture newborn infants is abolished by CPAP. 14 A decreased 
respiratory rate is not due to altered ventilatory response 
to carbon dioxide. 15 The decrease in minute volume is 
likely due to reductions in alveolar dead space. 2 Box 15-2 
shows physiological effects that are commonly associated 
with CPAP. 
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Box 15-2 


Physiological Effects of Continuous 
Positive Airway Pressure 


Increases functional residual capacity and tidal volume 
Decreases intrapulmonary shunt 
Increases pulmonary compliance 
Decreases airway resistance 

Stabilizes the chest wall and the upper airways, thus 
preventing obstructive apnea 

Improves the distribution of ventilation, ventilation- 

to-perfusion ratio, and gas exchange 

Decreases work of breathing and reduces alveolar dead 

space 

Protects the developing lung 

Better type 2 pneumocyte function and even recycling 
of surfactant, thus contributing to early recovery from 
hyaline membrane disease (HMD) 

Decreases cellular indicators of lung injury 
Reduces the need for intubation and mechanical 
ventilation 

Stimulates thej receptors in the pleura and provides 
positive feedback to the respiratory center by Hering- 
Breuer reflex 


An increasing body of evidence demonstrates that by 
using CPAP, mechanical ventilation can be avoided, result¬ 
ing in a lower incidence of lung injury and hence chronic 
lung disease. 16,17 By applying CPAP, the airways can be 
protected from mechanical injury and colonization related 
to the endotracheal tube. 18 Infants treated with CPAP have 
been found to have a lower incidence of complications re¬ 
lated to mechanical ventilation, including respiratory- 
related nosocomial infections, apnea, intraventricular 
hemorrhage, retinopathy of prematurity, and chronic lung 
disease, when compared with infants who were intubated 
and treated with mechanical ventilation. Although a thor- 
ough discussion describing the effects of ventilator- 
induced lung injury in infants is beyond the scope of this 
chapter, it is important to realize that a major goal of 
CPAP is to eliminate or reduce the need for prolonged 
ventilator support. 

Postnatal lung development in low-birth-weight infants— 
specifically, primary and secondary septation-forming sac- 
cules and alveoli and angiogenesis 18 ' 23 —may be arrested or 
altered by mechanical ventilation, placing the infant at risk 
for developing chronic lung disease. 19 CPAP decreases indi¬ 
cators of lung injury. 20 Early application of CPAP reduces the 
need for intubation and counters the arrest of postnatal lung 
development in infants, and hence may decrease the inci¬ 
dence of chronic lung disease. 


INDICATIONS 

CPAP is clinically indicated in infants with both obstruc¬ 
tive and restrictive lung diseases. Box 15-3 lists the indica- 
tions and contraindications regarding CPAP use. The use 


Box 15-3 


Indications and Contraindications of 
Continuous Positive Airway Pressure 


INDICATIONS 

1. Premature infants 

Delivery room CPAP and prophylactic CPAP 21,44 " 51,53 
Respiratory distress syndrome 21,42 
Apnea of prematurity 

After extubation from mechanical ventilation ! 

Early surfactant administration followed by NCPAP 52 

2. Obstructive airway diseases 
Obstructive apnea 
Laryngeal or tracheal malacia 
Bronchopulmonary dysplasia 
Viral bronchiolitis 

3. Pneumonia 
Viral or bacterial 
Aspiration 

4. Transient tachypnea of the newborn 55 

5. Meconium aspiration syndrome 6, 

6. Other possible indications 

a. Used in conjunction with: 

• Surfactant administration 

• Nitric oxide administration 

• Extracorporeal membrane oxygenation 

b. Paralysis ofa hemidiaphragm 

c. Congestive heart failure, pulmonary edema, pulmonary 
hemorrhage 

CONTRAINDICATIONS 

1. Criteria for CPAP failure requiring mechanical ventilation 

• Pacc >2 > 60 mm Hg consistently 

• pH < 7.25 

2. Upper airway abnormalities 

• Choanal atresia 

• Cleft palate 

• Tracheoesophageal fistula 

3. Untreated congenital diaphragmatic hernia 

4. Neuromuscular disorders 

5. Central nervous system depressant medications 

6. Central or frequent apnea 


of CPAP can clinically impact lung disease predominantly to 
improve oxygenation, counter atelectasis, 7,21-26 and stabilize 
the chest wall. 12 CPAP is also used to stent open airways and 
hence lower airway resistance to gas flow in patients with 
obstructive lung disease and apnea. 26 ' 31 CPAP is often used 
to maintain airway patency in infants with obstructive ap¬ 
nea 29,10,32 ' 34 and obstructive airway diseases. 28,35 ' 38 Figure 15-2 
shows the effect of CPAP on the anatomical structures of the 
upper airways. 

According to American Association for Respiratory 
Care (AARC) clinical practice guidelines, 39 neonates pre- 
senting with respiratory rate greater than 30% of normal 
and paradoxical chest wall movement 40 with suprasternal 
and substernal retractions, grunting, nasal flaring, and cy- 
anotic skin color 41 should be considered for CPAP admin¬ 
istration as long as they are able to demonstrate adequate 
ventilation, as defined by a partial pressure of carbon 
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FIGURE 15-2 Top left, Normal patent upper airway. Top right, Tongue obstructing upper airway. 
Bottom, CPAP distending structures of oropharynx, preventing obstruction by the tongue and soft palate. 



Obstructed 


dioxide in arterial biood (Paco 2 ) less than 60 mm Hg 
and a pH greater than 7.25. 39 

Nasal CPAP has been used as the primary modality in 
respiratory distress syndrome. 21,42 In addition, CPAP is an 
effective option for prevention of extubation failure. 43 It is 
also used as a primary modality in the delivery room 2 2: 
and following early surfactant delivery. 32 Recent trials on 
CPAP Utility in the delivery room have focused on smaller 
and more immature neonates. The Surfactant Positive 
Pressure and Pulse Oximetry Randomized Trial (SUPPORT) 
compared 48 delivery room CPAP with limited ventilation 
strategy with ventilation and surfactant administration 
within 60 minutes of birth and demonstrated CPAP as 
an effective initial ventilatory strategy. The COIN (CPAP 
or Intubation) trial reported a trend toward a lower rate of 
death or bronchopulmonary disease (BPD) at 36 weeks in 
infants who received CPAP. 31 Similar fmdings were also 
reported, in addition to a reduction in the need of me- 
chanical ventilation after early CPAP, in the recent trial 
published by the South American Neocosur NetWork. 33 
Overall, CPAP started soon after birth appears to reduce 
BPD and death and is an acceptable alternative to endo- 
tracheal intubation in the delivery room. CPAP has also 
been successful in the treatment of pneumonias, 34 tran¬ 
sient tachypnea of the newborn, 31 meconium aspiration 
syndrome, ss ' 58 and paralysis of the hemidiaphragm. It has 
been employed for infants with pulmonary edema and 
patent ductus arteriosus. 39 

CPAP has been shown to improve lung function in pa¬ 
tients with postoperative congenital heart disease 60,61 and 
after surgical repair of abdominal wall defects; however, in- 
creased abdominal pressure may adversely affect pulmonary 
function. 62 CPAP use in infants with diaphragmatic hernia 
is indicated only after surgical repair. CPAP is used in con- 
junction with the administration of surfactant 16,52,63 " 65 and 


nitric oxide 66 and as a source of high airway pressure in 
infants receiving extracorporeal membrane oxygenation. 67 

CPAP is an effective option for preventing extubation 
failure. 43 In addition, it is used as a primary modality in 
respiratory distress syndrome, 21 42 as a modality in the de¬ 
livery room 21,44 ' 51 and immediately following early surfac¬ 
tant delivery. 32 

CONTRAINDICATIONS 

Infants with persistent apneic episodes who are unable to 
maintain Paco 2 less than 60 mm Hg and pH greater than 
7.25 should not be given CPAP; if they are already receiving 
CPAP, then mechanical ventilation is indicated. 39 Infants 
with congenital anomalies such as choanal atresia, cleft 
palate, tracheoesophageal fistula, or preoperative dia¬ 
phragmatic hernia should not receive CPAP. CPAP is con- 
traindicated in infants with neural muscular disorders, 
infants receiving central nervous system (CNS) depres- 
sants, and infants with central apnea or frequent apneic 
episodes resulting in desaturation or bradycardia. 39 In 
addition, severe cardiorespiratory instability and poor re¬ 
spiratory drive are also contraindications to the initiation 
of CPAP. 

HAZARDS AND COMPLICATIONS 

Noninvasive application of CPAP is considered a “gentier” 
method of support when compared with mechanical ventila¬ 
tion; however, CPAP is still associated with some of the same 
hazards and complications that are often associated with 
mechanical ventilation. Pneumothorax is a complication 
that is occasionally reported in infants receiving CPAP. 69 
This is a result of inadvertent positive end-expiratory pres¬ 
sure related to gas trapping when infants are tachypneic and 
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do not have a sufficient expiratory time. This may also occur 
after surfactant replacement therapy, when pulmonary com- 
pliance improves and the infant has not been weaned appro- 
priately and thus is exposed to excessive airway and hence 
alveolar pressure. Other forms of air leak caused by inappro- 
priately high CPAP levels may include pulmonary interstitial 
emphysema, pneumomediastinum, and pneumatocele. 70-76 
Although extremely rare, vascular air embolism has been 
described in infants receiving CPAP. 5 This occurs when a 
laceration in the lung parenchyma introduces air into the 
cardiovascular system. Increased intracranial pressures re- 
lated to lung overdistention may also occur as a result of 
CPAP. 76 CPAP has been reported as having an adverse impact 
on renal effects, including decreased urine output and glo- 
merular filtration rate. Decreased gastrointestinal biood 
flow has been cited as a potential complication of endotra- 
cheal CPAP and may well manifest similarly in nasal CPAP. 
Bowel distention is often noted with CPAP. 9 Infants may 
swallow gas, which can result in bulging flanks, increased 
abdominal girth, and visibly dilated intestinal loops on 
radiographs. 

A study comparing spontaneously breathing unassisted 
premature infants with infants receiving CPAP showed that 
there were no detectable differences in hemodynamic val- 
ues, including stroke volume and cardiac output as mea- 
sured by echocardiogram. 80 This implies that there is no 
need to withhold CPAP support to prevent circulatory 
complications; however, hemodynamic compromise should 
always be considered as a factor when using any positive 
pressure device. Complications that have been described 
regarding problems with equipment include desaturation 
as a result of loss of airway pressure caused by inappropri- 
ate fit of nasal prongs or leak around a face mask. Face 
masks may also result in leaks around the eyes and damage 
to facial tissue from improper fixation. An open mouth can 
lead to a loss in airway pressure as a result of leaks. 81 
Obstruction of nasal prongs from mucous plugging or tips 
pressed against the nasal mucosa can lead to losses in air¬ 
way pressure unmeasured by low-pressure alarm systems 
and can increase work of breathing. 81 Leaks or obstruction 
can also lead to a loss in the inspired fraction of oxygen 
(Fio 2 ). Fluctuations in baseline pressure and increase in 
work of breathing can be caused by insufficient gas flow. 82 

Local irritation and trauma 83 to the nasal septum may 
occur because of misalignment or improper fixation of 
nasal prongs. 84 Nasal snubbing and circumferential distor- 
tion (widening) of the nares can be caused by nasal prongs, 
especially if CPAP is being used for more than just a few 
days. 85 Breakdown and erosion low on the septum at the 
base of the philtrum can occur when using nasal masks. 85,86 
Columella necrosis has been reported after only a few days 
of CPAP use (Figure 15-3). Inadequate humidification can 
lead to nasal mucosal damage. 87,88 Skin irritation of the 
head and neck from improperly secured bonnets or CPAP 
head harnesses can also occur. 39 Equipment failure and 
dysfunction should always be considered as potential 



FIGURE 15-3 Columella necrosis resulting from short-term 
nasal CPAP. 

sources of complication for an infant’s condition when 
providing CPAP. 

DELIVERY SYSTEMS 
AND PATIENT INTERFACES 

The term delivery system describes the mechanism by which 
fresh gas flow is generated and positive pressure is main- 
tained at the patient’s airway. A number of devices are 
commonly used to deliver CPAP to infants. They are char- 
acterized by their ability to provide either a constant or 
variable flow source. The system also includes a humidi- 
fier, circuit, and oxygen analyzer. Gas temperature and 
humidity are important aspects when maintaining the 
neutral thermal environment of a newborn infant and 
thus should be adjusted to provide a temperature between 
37° C and 39° C and 100% humidity to the patient. The 
humidifier servoregulates temperature on the basis of 
measurements acquired at the humidifier probe and thus 
should not be placed within an incubator or directly be- 
neath a radiant warmer. The circuit should be constructed 
of flexible and lightweight material to prevent traction and 
torque on the nasal interface. This helps minimize patient 
discomfort and nasal injury. 88 The delivery system should 
include a “pop-off device” placed close to the airway to 
protect the patient from overpressurization, thereby limit- 
ing excessive volume delivery to the respiratory system. 

The term patient interface device describes the mechanism 
by which gas flow from the delivery system is delivered to 
the airway of the infant. Historically, various interface de¬ 
vices have been applied to administer CPAP to infants. 
These include enclosure of the head in a plastic pressure 
chamber, a pressurized plastic bag fitted over the infant’s 
head, face chambers, face masks, tight-fitting face masks, 
devices requiring a neck seal, endotracheal tubes, nasopha- 
ryngeal tubes, and long and short binasal pharyngeal 
prongs. 89 

Today, CPAP is most often administered through short 
binasal prongs, and this method is considered the most 
effective interface option for delivering CPAP to infants. 89,90 
This is attributed primarily to infants being regarded 
as obligate nose breathers, resulting in CPAP delivering 
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relatively constant airway pressures. Nasal prongs also 
facilitate mobilization and oral feeding." Because the 
other methods are used infrequently in the clinical set- 
ting, this chapter focuses primarily on short binasal 
prongs and nasal masks for interfacing with these sys¬ 
tems. The short binasal prongs include argyle nasal 
prongs, Hudson prongs, Fisher and Paykel prongs, In¬ 
fant Flow driver or Aladdin (Arabella) generators, INCA 
prongs, and Medijet prongs. 

Clinicians have often speculated that differences in the 
level of imposed resistance and hence imposed work of 
breathing (WOB) between the systems are clinically rele¬ 
vant to infants and may contribute to CPAP failure. Nasal 
prongs have been reported to have lower resistance to gas 
flow when compared with other commonly used nasal in- 
terfaces. These differences are related to the length and 
internal diameters of the interfaces but are also associated 
with the delivery system and how CPAP is maintained by 
this system. Table 15-1 shows the pressure drop at various 
flow rates in the devices that have traditionally been used 
to interface with CPAP delivery systems. The WOB is re¬ 
lated to the resistance to gas flow when breathing through 
the various elements imposed by the CPAP system and in¬ 
terface. The WOB is superimposed on the physiological 
WOB; which in turn increases the total amount of WOB 
done by the patient. 91 Imposed expiratory resistance can 
also impact the inspiratory WOB in spontaneously breath¬ 
ing infants. 92 Exhalation is considered active in infants 
with lung disease and therefore expiratory resistance is an 
important consideration. 93 This also becomes important 


because most infants, especially premature infants, do not 
have adequate energy stores and high caloric requirements 
often resulting in rapid deterioration of the respiratory 
status. 

Early systems that used flow resistors (screw clamp; see 
Figure 15-1) for exhalation were associated with higher 
resistance, and hence a higher amount of energy was 
expended to breathe; currently available systems, on the 
other hånd, use low-resistance threshold-type resistors. In 
theory, a threshold resistor produces no resistance to exha¬ 
lation and maintains CPAP by applying an opposing force 
that is equal to the amount of the desired system pressure. 
Infant mechanical ventilators have been shown to have 
higher imposed expiratory resistance compared with an 
endotracheal tube. However, imposed resistance and hence 
WOB are likely to be lower when breathing through a ven¬ 
tilator with nasal prongs than with an endotracheal tube. 94 
The water seal in B-CPAP functions as a pure threshold- 
type resistor and has been shown to have low imposed ex¬ 
piratory resistance. The IF-CPAP device has been shown in 
a lung model to have one quarter of the imposed WOB 
compared with other forms of CPAP. ’ 9 IF-CPAP has also 
been shown to significantly reduce inspiratory WOB in 
preterm infants and to improve compliance better com¬ 
pared with mechanical ventilator CPAP. 96 " 98 In another 
study comparing differences in the WOB for infants ran- 
domized to B-CPAP or IF-CPAP, resistive WOB was lower 
for infants treated with IF-CPAP; however, these results 
did not reflect any clinically significant differences in the 
total inspiratory WOB done by the patient. 99 


TABLE 15-1 


Dimensions of Nasal Continuous Positive Airway Pressure Devices and Pressure Drop at Various Flows 93 

Pressure Drop at Different Flows 


Device 

Size 

Prong 
Length * 

Int. 

Diameter*! 

Ext. 

Diameter*! 

4 L/min 

5 L/min 

6 L/min 

7 L/min 

8 L/min 

Duotube 

2.5 

40 

1.4 

2.5 

9.7 

15 

21 

29 

38 


3.0 

40 

1.8 

3.0 

3.0 

4.5 

6.2 

8.3 

10.5 


3.5 

40 

2.5 

3.5 

1.1 

1.7 

2.3 

3.1 

3.9 

Single prong* 

2.5 

50 

2.5 

3.8 

2.2 

3.3 

4.4 

5.9 

7.3 


3.0 

50 

3.0 

4.3 

1.1 

1.5 

2.1 

2.7 

3.3 


3.5 

50 

3.5 

4.9 

0.6 

0.9 

1.2 

1.6 

1.9 

Argyle prong 

Extra small 

6 

1.8 

3.1 

1.7 

2.6 

3.6 

4.8 

6.2 


Small 

8 

2.3 

4.0 

0.9 

1.4 

1.9 

2.5 

3.2 


Large 

10 

2.3 

4.8 

0.7 

1.1 

1.5 

2.1 

2.6 

Hudson prong 

0 

11 

2.3 

3.7 

1.4 

2.2 

3.1 

4.2 

5.4 


1 

11 

2.6 

3.9 

0.8 

1.3 

1.8 

2.5 

3.3 


2 

11 

3.0 

4.6 

0.3 

0.5 

0.6 

0.9 

1.1 


3 

12 

3.5 

4.9 

0.2 

0.3 

0.4 

0.5 

0.6 


4 

15 

4.0 

5.4 

0.1 

0.2 

0.3 

0.5 

0.6 

Infant Flow driver 

Small 

6 

3.0 

3.9 

0.2 

0.2 

0.3 

0.4 

0.5 


Medium 

7 

3.5 

4.3 

-0.1 

-0.2 

-0.3 

-0.4 

-0.5 


Large 

7 

4.0 

4.6 

-0.2 

-0.3 

-0.5 

-0.7 

-0.9 


*Outer diameter, inner diameter, length in mm, does not include the length proximal to the bridge between the prongs. 
t Internal and outer diameters were measured at the prong tip. 

^Refers to Mallinckrodt endotracheal tube cut down to 5 cm in length and attached to a standard endotracheal tube adapter with pressure side port. 
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Mechanical Ventilator CPAP 

Time-cycled, pressure-limited, constant-flow infant venti¬ 
lators were introduced in the mid-1970s and are still a 
simple and efficient method for nasal CPAP delivery to 
infants. Ventilator CPAP (V-CPAP), often described as 
“conventional CPAP,” has been accomplished by placing 
ventilators in the CPAP mode and setting a constant flow 
rate while interfacing with the system using binasal prongs, 
a single nasopharyngeal tube, or an endotracheal tube in- 
serted into the nasopharynx. Time-cycled, pressure-limited 
ventilators use exhalation valves to maintain CPAP. The 
convenience of a blended gas source, alarm options, and 
low cost made this a popular choice among clinicians. The 
advantage of such a system is that if intubated patients 
failed V-CPAP, or if the patient was extubated from con¬ 
ventional ventilation, then the ventilator was available at 
the bedside without having to set up a separate delivery 
system. 

Today, a number of commercially available microprocessor- 
controlled infant ventilators allow noninvasive application 
of V-CPAP. In these systems CPAP is maintained with a 
variable demand-flow system. Flow rate and airway pres¬ 
sure are regulated by servo controlling the aperture size 
of the exhalation valve. These ventilators also include the 
following: 

Highly responsive demand-flow systems 

Leak compensation 

• Airway graphics monitoring 

• Apnea backup breaths 

The interface that is most commonly used with this 
delivery system is the Fisher and Paykel nasal prongs 
(Fisher & Paykel Healthcare, Auckland, NZ) (Figure 15-4A) 
and the Hudson nasal prongs (Hudson RCI/Teleflex, Re¬ 
search Triangle Park, NC, Figure 15-4B). The prongs are 
adjusted so that there is never contact between the prongs 
and the nasal septum. 84 The prong size is established on 
the basis of weight, using a sizing chart provided by the 
manufacturer (Table 15-2, Hudson nasal prongs) or the 
head circumference, nasal orifice and nasal septum size in 
Fisher and Paykel nasal prongs. The prongs stay in place by 
attaching the circuitry to a premade hat, using safety pins 
and rubber bands. A proximal pressure line or “pop-off” 
can be attached at a Luer adapter at the nasal interface, or 
this can also be plugged. 

Bubble Nasal CPAP 

B-CPAP (also known as the “water seal” or “bubbly bottle” 
method) is a simple, safe, inexpensive constant flow deliv¬ 
ery system that has been used for nearly four decades 
to deliver CPAP. 1U0 ' 103 This method was implemented by 
Jen-Tien Wung in the 1970s at Columbia University Medical 
Center (New York, NY). It is constructed with readily avail¬ 
able equipment and materials that can usually be found in 
most respiratory care equipment storage areas. A commer¬ 
cially available version of this system (Fisher & Paykel 
Healthcare, Auckland, New Zealand) is currently being 



FIGURE 15-4 Hudson RCI infant nasal prong interface with 
bonnet fixation. 


TABLE 15-2 


Sizing Chart for Hudson RCI Infant Nasal Prong CPAP 

Weight Range (g) Suggested Cannula Size 


Less than 700 

0 

700 to 1250 

1 

1250 to 2000 

2 

2000 to 3000 

3 

More than 3000 

4 

1 to 2 years of age 

5 


used in Europe and Australia. Materials include the 
following (Figure 15-5) 78,87 : 

• An infant dual-limb heated wire ventilator circuit 

■ A humidifier and blended gas source 

■ A pressure transducer 

■ A water column filled to 10 cm with either sterile water 
or a 25% acetic acid solution 

A measuring tape is attached to the outside of the water 
column. The CPAP level is maintained by submerging the 
distal end of expiratory circuit straight down into the fluid 
from the surface of the water line to a measured depth in 
centimeters, thus creating the amount of CPAP in centi¬ 
meters of water. If a higher level of CPAP is needed, the 
tube can be advanced farther down into the fluid column. 
The flow rate of humidified gas (6 to 10 L/min) is set to 
meet the inspiratory flow rate requirements of the patient, 
maintain the CPAP level, and rinse the system of exhaled 
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Water 

column 

FIGURE 15-5 A simple system for delivering bubble nasal CPAP. 


carbon dioxide. 87 The pressure measured at the nasal 
prong could be slighdy higher than the submersion depth 
of the expiratory tubing below the water surface when 
higher flow rates are used; therefore, airway pressure 
should always be monitored at the nasal prong to ensure 
proper CPAP levels. A high-pressure pop-off can be placed 
as close to the patient as possible should the expiratory 
limb become occluded. This system has few alarms or 
monitoring options and therefore it is extremely impor- 
tant to evaluate patients frequently, because vital signs 
may be the only effective alarm for alerting clinicians to 
airway disconnects, prong occlusion, and mechanical sys¬ 
tem failure. 

The use of B-CPAP in infants has been shown to signifi- 
cantly reduce minute volume and respiratory rate with no 
changes in transcutaneous carbon dioxide or oxygen satu- 
ration compared with mechanical ventilator CPAP. Small 
pressure fluctuations created by the back pressure of bub- 
bles in the underwater seal are transmitted to the airway, 
thereby producing a noisy component that may enhance 
lung recruitment and gas mixing in a fashion similar to 
mechanisms that are present during high-frequency oscil- 
latory ventilation. 104 ' 106 

Subjective accounts of a visible “thoracic wiggle” from 
these bubble effects are often reported by clinicians caring 
for infants supported with B-CPAP. The use of higher flow 
rates can result in more vigorous bubbling and hence 
higher pressure fluctuations in the delivery system; how- 
ever, this does not appear to improve gas exchange. 107 In 
premature animals, the use of B-CPAP has resulted in im- 
provements in gas exchange, lung mechanics, and lung 
volume, which suggest enhanced alveolar recruitment 
when compared with V-CPAP. 1Cb B-CPAP may be associated 
with reduced extubation failure. 108 


Infant Flow Nasal CPAP 

Infant Flow CPAP (IF-CPAP) (Cardinal Flealth, Dublin, 
OH) is a commercially available variable flow device that is 
specifically designed to deliver CPAP in newborns. The 
“flow driver” provides the source gas (Figure 15-6) and 
consists of an internalized flow metering system, a blender 
with an Fio 2 control knob, a digitalized pressure LED, an 
alarm system, and a pressure relief system. 109 An external 
auxiliary gas flow meter is used to provide gas source iden- 
tical to the set Fio 2 for nebulizers and manual resuscita- 
tors. Blended gas is humidified and delivered to the nasal 
interface “flow generator” (Figure 15-7), using a proprie- 
tary patient circuit. Despite setting a constant flow on the 
flow driver, the unique geometric design of the flow gen¬ 
erator incorporates unique physical properties that allow 
control of gas delivery to and from the patient and is thus 



FIGURE 15-6 Infant Flow driver. 
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FIGURE 1 5-7 Infant Flow generator nasal interface device. 


considered variable. The set flow rate is based on the 
fluctuation of the baseline pressure measurement, which 
is made at the flow generator, as indicated by the light- 
emitting diode bars on the front panel of the flow driver. If 
the nasal prongs or mask are sized and fitted properly, 
a flow rate of 8 L/min should maintain a CPAP level of 
approximately 5 cm H 2 0. 

The design of the flow generator uses a fluidic flip valve, 
which is designed with nonmoving parts and provides fresh 
gas to the infant during inhalation and directs flow away 
from the infant during exhalation. Gas delivery is accom- 
plished on the basis of the Bernoulli effect, whereby gas 
flow is provided to each nostril through the fresh gas inlet 
and passes through twin nasal jet injector nozzles at high 
velocity, which in turn converts the flow into a constant 
pressure. 109 If the patient requires any additional inspira- 
tory flow, a Venturi-type effect created by the jet injector 
nozzles entrains more gas to be delivered. When the infant 
makes a spontaneous expiratory effort, exhaled gas passes 
freely and unimpeded by the flow of incoming air. This is 
accomplished by the Coanda and abreve; effect, which trig¬ 
gers the “fluidic flip” and redirects incoming flow and 
exhaled gases through the expiratory channel simultane- 
ously. Once the expiratory effort stops and expiratory flow 
ceases, the flow immediately switches back to the inspira- 
tory position 109 (Figure 15-8). 

The IF-CPAP system has been shown to deliver more 
consistent pressure, lowering the WOB, being less sensitive 
to leaks, and being more effective at alveolar recruitment 
compared with other forms of CPAP. 96,110 IF-CPAP use has 
also been shown to reduce the need for supplemental oxy- 
genation in extremely low birth weight infants after extuba- 
tion compared with infants randomized to receive V-CPAP 
with nasal prongs. 111 The ability of the Infant Flow driver to 
provide consistent pressure at the airway lowers WOB by 
applying greater stability to the infant respiratory system 
mechanics for a given change in intrapleural pressure. 9 '’ The 
decreased variability of the airway pressure and fast re- 
sponse times of the IF-CPAP may also be due to the faet that 
the flow regulation mechanism is located at the nasal inter¬ 
face device, whereas other CPAP devices (i.e., V-CPAP) regu- 
late flow downstream from the patient (exhalation valve). 



FIGURE 15-8 S ilicone nasal prongs (A) and masks (B) attached 
to an Infant Flow driver. 



FIGURE 1 5-9 Proper fixation for the Infant Flow CPAP system. 


IF-CPAP is delivered to infants by using either a pro- 
prietary nasal mask or nasal prongs (Figure 15-9). The 
nasal prongs and masks are made from a soft silicone- 
based elastomer and are attached direetly to the Infant 
Flow generator, which is then held in place once the in¬ 
terface is fastened by attachment to a soft cap or bonnet 
(see Figure 15-9). The thin, soft material that constructs 
these nasal devices may provide important mechanical 
effeets when using nasal prongs by flaring out during gas 
inflow, thus inereasing the effective internal diameter 
and decreasing the leak around the prongs. A mask does 
not rely on a prong entering the nares and may be more 
beneficial when trying to secure the nasal device onto an 
infant with craniofacial abnormalities. Nasal prongs have 
been shown to result in nasal and septal wall skin break¬ 
down, whereas nasal masks have been associated with 
breakdown low on the septum or at the base of the 
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FIGURE 15-10 Nasal prong ( left ) and head circumference (right) measurements for the Infant Flow 
CPAP system. 


philtrum.Some clinicians prefer switching back and 
forth when using nasal masks and prongs to eliminate 
these soft tissue injuries. Figure 15-10 shows the proper 
measurement techniques and Table 15-3 presents the siz- 
ing chart used to select the properly sized bonnet and 
nasal interface for use with the IF-CPAP device. 

High-Flow Nasal Cannulas 

Nasal cannulas with an outer diameter of 3 mm and flows 
up to 2 L/min have been reported to deliver CPAP. 112 
Studies of CPAP via nasal cannulas have found it to be as 
effective as conventional CPAP prongs in the treatment of 
respiratory distress and apnea of prematurity. 113,114 

The pressures delivered with this technique when 
measured are highly variable and depend on the flow rate, 
the size of leak around the cannulas and the degree of 
mouth opening. 112,115 A recent Cochrane review could not 
find an adequate number of trials and concluded that 
there was insufficient evidence to establish the safety or 
effectiveness of high-flow nasal cannulas as a form of 


TABLE 15-3 


Cardinal Health Infant Flow Nasal CPAP Bonnet Sizing 
Bonnet Size Bonnet Color Tape Measurement (cm)* 


000 

White 

18-20 

00 

Gray 

20-22 

0 

Pink 

22-24 

1 

Light brown 

24-26 

2 

Yellow 

26-28 

3 

Light blue 

28-30 

4 

Gold 

30-32 

5 

Light green 

32-34 

6 

Light burgundy 

34-36 

7 

Orange 

36-38 

8 

Dark green 

38-40 

9 

Navy 

40-42 


*Tape measurement indicates the measured head circumference. 
Courtesy Cardinal Health (Dublin, OH). 


respiratory support in preterm infants. 116 Safe and effec¬ 
tive use of high-flow nasal cannulas (HFNC) requires 
careful selection of an appropriate nasal prong-to-nares 
ratio even with an integrated pressure relief valve. 117 

MANAGEMENT STRATEGIES 
Initiation 

CPAP is often used in newborn intensive care to avoid endo- 
tracheal intubation and mechanical ventilation. Mechanical 
ventilation in preterm infants is associated with increased 
risk of sepsis, lung injury, arrested lung development, and 
chronic lung disease. 118,119 There is no consensus regarding 
the most effective management strategy or delivery system to 
administer CPAP in newborn infants. 94 Management is 
based more on clinical experience than research trials. In one 
institution, where elective B-CPAP has been the initial form 
of support for newborn infants for nearly four decades, this 
practice has resulted in less frequent use of mechanical ven¬ 
tilation and surfactant replacement therapy. 102 This practice 
has been associated with significant reductions in chronic 
lung disease compared with other centers that use mechani¬ 
cal ventilation as an initial strategy for managing infants. 
Some institutions support early elective surfactant therapy, 
brief ventilation, and extubation to nasal CPAP. This practice 
is also associated with significant reductions in the need for 
mechanical ventilation, fewer air leak syndromes, and lower 
incidence of chronic lung disease compared with a strategy 
of selective surfactant administration and continued ventila¬ 
tor support. 120 

The steps of initiation include: 

1. Preparing the circuit, the bubble chamber (in B-CPAP), 
and the machine 

2. Fixing the cap 

3. Securing nasal prongs 

4. Connecting the circuit 

5. Insertion of orogastric tube 

6. Setting of pressure, Fio 2 , and flow 
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Application 

CPAP is effective at reducing the incidence and duration of 
severe apneic episodes. 12 However, before CPAP can be ap- 
plied, it is important to emphasize that infants experienc- 
ing frequent and sustained apneas or severe respiratory 
failure should not be considered for this form of support. 
It is essential that infants have a sufficient stimulus to 
breathe because CPAP is intended only for spontaneously 
breathing infants. Infants who do not respond to CPAP 
and continue to have frequent unresponsive apnea have 
failed this form of support. 

The primary clinical objectives for managing infants with 
CPAP are to recruit collapsed lung units, stabilize the lung 
volume, maintain adequate lung expansion, avoid hyperinfla¬ 
tion and apnea, improve gas exchange, and eliminate the need 
for mechanical ventilation. This practice requires a team of 
clinicians who are properly trained in the technical aspects of 
the CPAP equipment as well as understand the pathophysi- 
ology of the infant pulmonary system. This team usually 
consists of the respiratory therapist and the nurse caring for 
the patient. Patients receiving CPAP are often more time 
consuming than patients requiring mechanical ventilation. 

CPAP of 4 to 6 cm H 2 0 is a common starting point for 
initiating CPAP. 34,122,123 Infants with obstructive lung dis- 
ease may initially require higher CPAP levels in order to 
stent the airways open while allowing adequate ventila¬ 
tion. 37,38 Once CPAP is applied, it may take some time for 
patients to adjust to breathing through this system. Often, 
they resis t the initial placement of the equipment but then 
relax once they have become used to it. If the infant contin- 
ues to appear anxious, agitated, and inconsolable, it is very 
important to rule out hypoxia and airway obstruction. It is 
important to adopt “minimal handling” awareness and 
whenever possible cluster the patient care duties to limit 
infant stress. 

The flow should be minimal to produce bubbling in the 
bubble chamber. It varies depending upon the pressure set, 
the lung disease, the weight of the baby, and the leaks in 
the circuit or from the patient’s mouth. In the absence of 
a blender, first set the total flow and then set the air and 
the oxygen flow to get the desired Fio 2 . 

At first the Fio 2 should be set at the same level the 
patient was receiving before CPAP administration. Higher 
levels may be used to maintain adequate oxygen satura- 
tions or Pao 2 . 

During the recruitment stage, it is not uncommon for the 
patient to remain at a higher Fio 2 until the lung volumes 
are stabilized. Often an increase in Fio 2 may have no effect 
on oxygenation because of intrapulmonary shunting, and 
thus additional pressure is required. A 40% increase in Fio 2 
during the first 24 hours of nasal CPAP may represent a 
useful clinical marker to identify infants at high risk for 
developing a pneumothorax. 68 Physiological changes asso- 
ciated with pneumothorax include decreased arterial biood 
pressure, increased heart rate, and increased respiratory 
rate; narrowed pulse pressure; and decreased Pao 2 . 69 


Once recruitment occurs, Fio 2 should be weaned 
promptly in order to avoid complications caused by hyper- 
oxemia. 124 The CPAP level is generally increased in incre- 
ments of 1 or 2 cm H 2 0; very rarely pressures up to 12 cm 
H 2 0 may be required when applying CPAP. The pressure 
and Fio 2 are increased to attain the desired Pao 2 . However, 
it is best to change only one parameter at a time. 

The patient is thought to be approaching stabilization 
once an adequate level of CPAP is attained. Oxygenation, 
ventilation, and chest radiograph appearance begin to im¬ 
prove. Reductions in the work of breathing, respiratory rate, 
and incidence of apnea are also important findings that in- 
dicate that the patient is improving. 123 Box 15-4 lists the 
signs indicating clinical stabilization of patients supported 
with CPAP. More tolerant guidelines for pH and Paco 2 or 
“permissive hypercapnia” have become widely accepted clin¬ 
ical practices when treating critically ill infants. 126 This 
alone has likely reduced the number of intubations in in¬ 
fants receiving CPAP. However, it is also important to evalu- 
ate ventilation frequently by means of capillary biood gas 
readings or with a calibrated transcutaneous monitor, be¬ 
cause extreme hypercapnia increases the risk for developing 
intraventricular hemorrhage in small infants. 127 

If the patient is not responding to CPAP, it is usually 
because the lungs are not opening with the amount of sup¬ 
port the clinician has chosen. If the CPAP level is set below 
the opening pressure of the terminal respiratory units, then 
recruitment is unlikely to occur. 1 " 2 Breathing at low func- 
tional residual capacity can also lead to atelectrauma. 1211 
Proper assessment of tissue perfusion is vital. Increased in- 
trathoracic pressure may result in worsening hemodynamic 
status. This is common when patients have low intravascu- 
lar biood volumes or poor cardiac output. Intravenous 
fluid bolus can help eliminate this problem. If the patient 
develops apnea that does not require intubation, a loading 
dose of caffeine citrate (20 mg/kg) followed by a daily main- 
tenance dose of 5 mg/kg (up to 10 mg/kg) can reduce the 
incidence of apnea. 129 

A rise in Paco 2 , or fall in Pao 2 , after increasing the CPAP 
pressure may indicate that the optimal CPAP level has 



Indicators of Stabilization with 

Box 15-4 

Continuous Positive Airway Pressure 
Support 


Comfortable infant 
Reduced respiratory rate 
Minimal or no chest retractions 
Spo 2 between 88% to 95% 

Improvement in chest radiograph appearance 
Reduction in severity and frequency of apneic episodes 
Biood gas suggests Pao 2 50 to 80 mm, Paco 2 40 to 
60 mm, pH 7.35 to 7.45 (with bubbling in the bubbling 
chamber and bubbling heard in the chest*) 

*If on B-CPAP. 
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been exceeded. 1 ’’ 130 An increase in mean airway pressure 
can result in increased alveolar dead space as a result of 
mechanical compression of the pulmonary microvascula- 
ture. If gas exchange worsens in a patient who appeared to 
be improving, the pressure can first be reduced; otherwise 
intubation is indicated. 

Criteria used to recognize when a patient has failed 
CPAP and requires intubation and mechanical ventilation 
should be established by the medical team before placing a 
patient on CPAP. There are no definitive recommenda- 
tions at this time and most institutions rely on anecdotal 
experience when identifying respiratory failure in infants 
receiving CPAP support. Box 15-5 lists some clinical signs 
indicating that CPAP has failed and that intubation and 
mechanical ventilation are indicated. Extremely low birth 
weight (less than 1000 g) infants, born at less than 
26 weeks of gestation, are among the patients who most 
commonly fail nasal CPAP. 45 Other risk parameters in- 
clude moderate or severe respiratory distress syndrome, 
septicemia, pneumothorax, 131 need of positive pressure 
ventilation, alveolar-arterial oxygen gradient (AaDo 2 ) 
greater than 180 in the first arterial biood gas, 129 lack or 
partial exposure to antenatal steroids, 132 need for oxygen 
in resuscitation and maintained in first hours of life, male 
gender, higher CPAP pressures (more than 5 cm of H 2 0), 
and respiratory distress syndrome with criteria for surfac- 
tant adminisatration. 1 ' 1 CPAP is only about 50% effective 


at eliminating the need for ventilation in infants born at 
less than 26 weeks of gestation. 134 Recognizing CPAP fail¬ 
ure, and the need for intubation and mechanical ventila¬ 
tion, is paramount for the neonatal patient because failure 
can ensue rapidly as the result of respiratory muscle fail¬ 
ure, worsening gas exchange, and apnea. 

Monitoring 

Monitoring is an essential component in managing 
patients receiving CPAP. The patient and CPAP system 
should be assessed frequently and at regular intervals to 
evaluate the effectiveness of the level of support and plan 
for subsequent care. 

The physical assessment can be helpful when identifying 
early warning signs of respiratory impairment. Frequent as¬ 
sessment and measurements of vital signs and gas exchange 
can aid in the early diagnosis of air leak (e.g., pneumotho¬ 
rax) and other complications associated with the use of 
CPAP. Physical assessment should include documentation 
of breath sounds, heart rate, biood pressure, skin color, 
work of breathing, chest rise, level of activity, condition of 
the nares and nasal septum, secretions, oxygen saturation, 
transcutaneous carbon dioxide, and periodic arterial biood 
gas analyses. Brief disconnection from abubble CPAP device 
may be indicated in order to properly assess breath sounds. 
Biood gases should be obtained if there is an acute deteriora- 
tion in status but only after the patient becomes stabilized. 
If the Paco 2 correlates closely or trends with the transcutane¬ 
ous carbon dioxide, then biood gas monitoring should be 
minimized because of the low circulating biood volume in 
infants and the possibility for contamination with patho- 
gens. Oxygen can be weaned on the basis of measurements 
obtained with a pulse oximeter. 

Equipment monitoring should be incorporated into this 
assessment in order to verify proper function and eliminate 
equipment failure as a variable, should the patient’s condi¬ 
tion deteriorate. 

Equipment monitoring includes assessment of pressure 
at the patient airway and verification of the presence of an 
attached low-pressure or disconnect alarm. However, besides 
loss of pressure to the patient, back pressure from the resis- 
tance across the prongs may prevent the low-pressure or 
disconnect alarm from sounding. A high-pressure “pop-off” 
(at least 15 cm H 2 0) should be placed in line with the system 
and assessed for proper function. Other monitors with 
alarms, such as a pulse oximeter, transcutaneous monitor, or 
bradycardia alarm, should also be used with a low-pressure, 
or disconnect, alarm. 

When using a B-CPAP device, the frequency of “bub- 
bling” should be evaluated. A continuous bubbling usually 
indicates adequate gas delivery to the patient. If bubbling 
ceases during the breath cycle, this may indicate gas loss or 
a large leak at the patient interface or the patient circuit. 
Small fluctuations in pressure are common because of 
the frequency and amplitude of the bubbles; however, if 
large fluctuations are noted and coincide with the infant’s 


Box 15-5 


Recognizing Failure of Continuous 
Positive Airway Pressure Support 


Before considering CPAP failure, check the following 
conditions: 

• Baby is not fighting CPAP interface 

• Nasal prongs are of correct size 

• Adequate humidification without any condensation in the 
circuit 

• Adequate pressure and Fio 2 were delivered (check neck 
position, clear nostrils and airway) 

• Surfactant has been administered in case of respiratory 
distress syndrome (RDS) 

Markers of CPAP failure include the following: 

• Increased WOB, nasal flaring, and retractions 

• Decreasing pH (<7.25) 

• Paco 2 greater than 60 mm Hg* * 

• Fio 2 requirement exceeding 0.6 to 0.7 with Pao 2 less than 
50 to 60 mm Hg v 

• Nasal CPAP exceeding 8 to 1 0 cm H 2 0 

• Frequent apnea with cyanosis and bradycardia (not 
responding to caffeine therapy) 

CPAP, Continuous positive airway pressure; Fio 2 , fraction of inspired 
oxygen; Paco 2 , arterial partial pressure of carbon dioxide; Pao 2 , arterial 
partial pressure of oxygen; WOB, work of breathing. 

*Higher ranges may apply in infants with chronic carbon dioxide 
retention. 

iRange should be consistent with clinical State and the presence of 
congenital heart disease or persistent pulmonary hypertension of the 
newborn. 
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inspiratory phase, then additional flow should be added 
to the system. Frequent monitoring of the water level 
height should be done to prevent changes in system 
pressure caused by condensation and evaporation. Water 
should be added or suctioned out to accommodate the 
desired CPAP level. 

In the IF-CPAP and mechanical ventilator CPAP sys¬ 
tems, low-pressure alarms usually indicate a leak caused 
by nasal prongs that are too small or an excessive oro- 
pharyngeal leak. The oropharynx acts as a safety valve 
preventing excessive accumulation of pressure in the 
airway. Oropharyngeal leaks are more common when us- 
ing CPAP levels exceeding 8 to 10 cm H 2 0. A chin strap, 
or pacifier, can be helpful at gently sealing the leak and 
reestablishing the CPAP level. 8 ' The set flow rate deliv¬ 
ered by the CPAP device should not be increased until 
large leaks have been identified and resolved. The flow 
rate should then be adjusted to minimize large fluctua- 
tions in the system pressure as measured by a pressure 
manometer placed at the airway. 

A functional manual resuscitator with the proper posi¬ 
tive end-expiratory pressure setting as well as intubation 
equipment should be at the bedside in the event that the 
patient requires manual ventilation or intubation. Trans- 
cutaneous carbon dioxide monitors should be calibrated 
on the basis of manufacturer specifications. Humidifica- 
tion devices should also be documented as being on and 
set at the proper temperature and humidity levels. Water 
levels should also be frequently evaluated and maintained 
when using B-CPAP. 

Chest radiographs are a valuable clinical tool for esti- 
mating lung expansion during the recruitment phase and 
for visualizing potential air leaks in the lung paren- 
chyma. 13 -^ Chest radiographs can also be helpful in deter- 
mining whether the patient has any gastric distention 
from air entering the abdomen, which is more common 
when using CPAP levels exceeding 10 to 12 cm H 2 0. This 
can decrease respiratory compliance, limit contraction of 
the diaphragm, and add significantly to respiratory dis¬ 
tress. Gastric distention can be alleviated or prevented by 
inserting an oral gastric tube or by applying suction via a 
properly sized suction catheter. 

Bedside Care and Airway 
Management 

The proper bedside care of an infant receiving CPAP is 
perhaps the single most important aspect regarding out- 
comes and successful use of CPAP therapy. 84 It has also 
been recognized that these improved outcomes correlate 
well with the level of skili, familiarity, and experience of the 
clinicians after implementation of a new CPAP strategy in 
infants. 123 This includes caregivers who are adequately 
trained and are proficient at troubleshooting and selecting 
the proper-sized hat and nasal prongs or mask. The prongs 
should fill the entire nares without blanching the external 
nares. 84 Selecting prongs that are too small can result in 


increased resistance and WOB, prong displacement, and 
excessive leaks. 103 

The fixation technique is also an important aspect of 
airway care in infants receiving CPAP support. The hat 
should be right fitting, covering the ears and extending to 
the base of the neck. 84 Lateral attachment of straps should 
provide equal and gentie tension to avoid pressure points 
on the skin while securing the nasal interface to the in¬ 
fant. 8 ' The lack of stabilization and, hence, excessive move- 
ment of the prongs could result in worsening nasal injury, 
airway displacement, and loss of system pressure. 

Another important consideration regarding bedside 
care that relates to airway management includes proper 
positioning of the infant. Infants can be positioned prone, 
supine, or on their side and should be turned every 2 to 
4 hours. 8 The use of a small folded towel roli beneath the 
shoulders or chest can help support the infant and help 
maintain a patent airway. 87 

On occasion, the nasal prongs should be removed from 
the infant, and delicate suctioning through the mouth and 
nasopharynx should be done with a 5-Fr suction catheter. 
Nasal resistance is elevated in the neonate compared with 
the adult and is therefore rapidly elevated by a partial air¬ 
way obstruction caused by mucous accumulation or swell- 
ing. 95 Therefore, infants who are suctioned usually have 
noticeable changes in WOB afterward. After suctioning, 
the nose should be evaluated for any signs of skin break¬ 
down or nasal trauma and the prongs should be checked 
for the presence of kinking or mucus. Table 15-4 shows a 
nasal breakdown scoring system used for premature in¬ 
fants requiring CPAP. 

The safe and effective delivery of aerosolized medica- 
tions has been accomplished in-line using various delivery 
methods. 136 These drugs include bronchodilators, cortico- 
steroids, surfactant, and ribavirin. Often, clinicians remove 
patients from the CPAP system to deliver bronchodilators. 
This should be done only if the patient tolerates being 
without CPAP; otherwise the risks of giving the medica- 
tions outweigh their intended benefit. In addition to the 
appropriate airway management, some important key 
principles like optimal positioning, swaddling and contain- 
ment of the infant, promoting day-night cycling of lights, 
minimizing sound levels in the intensive care unit, and in- 
volving parents in nursing care are some factors that may 
play an important role in improving brain function and 
subsequent development. 1 

Weaning 

Attempts at weaning patients from CPAP should be con- 
sidered when the patient is stable, has no incidents of 
apnea, and exhibits acceptable vital signs, biood gas values, 
and chest radiographic findings. Ideally, the Fio 2 should be 
weaned aggressively. If infants require oxygen chronically 
(because of pulmonary hypertension), then it is helpful to 
wean to an oxygen level that can be maintained reasonably 
with a separate oxygen delivery device. Some institutions 
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TABLE 15-4 


Nasal Breakdown Scoring System for Premature Infants on Continuous Positive Airway Pressure* 

Score 

2 = Bleeding, Nasal Compression 

0 = Normal 1 = Pale or Pink/Red Ulcer, Eschar 3 = Skin Tear (+ if Present) 

Internal nares 
External nares 
Philtrum 
Bridge 
Septum 

Courtesy Walsh BK, Kaufman D, Zanelli S, Hicks T, University of Virginia Medical Center (Charlottesville, VA). 


wean Fio 2 to 0.21 and then pressure is weaned in incre- 
ments of 1 to 2 cm H 2 0 to a level between 3 and S cm H 2 0. 
Birth weight may be a significant factor related to the time 
to successful NCPAP weaning. 138 Several weaning strate¬ 
gies have been described. The most common methods for 
weaning and withdrawal include (1) decreasing CPAP to a 
predefined level of airway pressure and then stopping 
CPAP completely; (2) removing CPAP for a predetermined 
number of hours each day (also known as “CPAP holi- 
days” 139 ) and gradually increasing the amount of time ofif 
CPAP each day until it can be stopped completely; and (3) 
stopping CPAP and starting high-flow heated humidified 
air (and oxygen if required) via nasal cannula. A trial is 
under way comparing the efficacy of bilevel nasal CPAP 
and conventional CPAP in extubation of infants less than 
30 weeks of gestation. 140 A recent randomized controlled 
trial compared three methods for weaning CPAP in pre- 
term infants. In method 1 (Ml), the infant was taken ofif 
CPAP with the view to stay off. In method 2 (M2) the in¬ 
fant was cycled on and off CPAP with incremental time off. 
In method 3 (M3) the infant was cycled on and off CPAP 
but during off periods was supported by a 2-mm nasal 
cannula at a flow of 0.5 L/min. It was inferred that the first 
method significantly shortened CPAP weaning time, CPAP 
duration, and oxygen duration; reduced the incidence of 
bronchopulmonary dysplasia; and shortened admission 
time. However, further trials are required to confirm these 
results. 141 


ADVANCING CONCEPTS 
Infant Flow SiPAP 

Infant Flow “sigh” positive airway pressure (IF-SiPAP) 
(Cardinal Health) is a new device that uses the Infant Flow 
driver design and a new flow generator (Figure 15-11) to 
allow the infant to breathe spontaneously at two separate 
CPAP levels. This is accomplished by setting the baseline 
CPAP level, followed by a slow, unsynchronized secondary 
pressure (sigh breath) set at approximately 2 to 3 cm H 2 0 
higher than the baseline pressure. The inspiratory time is 
set at about 1 to 3 seconds. The respiratory rate Controls 



FIGURE 15-11 IF SiPAP flow generator. 


the frequency of the intermittent “sigh” breaths. The 
infant is thus allowed to breathe spontaneously through- 
out the complete cycle of the sigh breath. Figure 15-12 
shows the sequence of spontaneous breathing of a low- 
birth-weight infant during the pressure sigh created by the 
IF-SiPAP. 

This concept is not intended to serve as a noninvasive 
pressure support mode but rather to aid in the recruit- 
ment and stabilization of unstable alveoli and thus 
preserve functional residual capacity. Unlike pressure sup¬ 
port, the small delta pressure is held in the lung longer and 
the patient is not allowed to terminate the breath on the 
basis of certain criteria; rather, the patient breathes spon¬ 
taneously throughout the entire respiratory cycle. In the- 
ory, these “sigh” breaths should also improve gas exchange 
and work of breathing and serve as a stimulant for apneic 
infants. The application of spontaneous breathing, as 
compared with the absence of spontaneous breathing, 
during a sustained pressure-hold has been shown to pro¬ 
mote reopening of atelectatic lung regions and improve 
end-expiratory lung volume. 142 To date, there is only one 
published report that shows that the use of bilevel nasal 
CPAP results in significant improvements in gas exchange 
compared with standard nasal CPAP (Figure 15-13) in pre- 
term infants. 143 
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Infant flow SiPAP 



FIGURE 15-12 IF SiPAP: spontaneous breathing measurements made in a low-birth-weight infant. 
Airway pressure was obtained at the nasal interface, and the rib cage impedence (relative volume 
change) measurements were obtained with respiratory impedance plethysmography bands. The arrows 
indicate spontaneous breathing efforts made by the patient. 



FIGURE 15-13 Infant comfortably positioned on CPAP. 


| KEY POINTS 

• Early attempts at CPAP included placing infants in 
boxes with their head out through a loose-fitting cuff 
around the neck while negative pressure was applied 
continuously to the infant’s chest wall. Later it changed 
to the application of nasal prong CPAP, which is still 
the most common method of CPAP delivery today. 

• CPAP opens alveoli, thus increasing the functional 
residual capacity (FRC) of the lung, resulting in better 
gas exchange. 


• CPAP can be given for both obstructive and nonob- 
structive diseases. The primary indications in preterm 
infants are respiratory distress syndrome, apnea of pre- 
maturity, delivery room prophylactic CPAP, after extu- 
bation from mechanical ventilation, and surfactant ad¬ 
ministration followed by NCPAP. The contraindications 
of CPAP include choanal atresia, cleft palate, tracheo- 
esophageal fistula, and preoperative diaphragmatic 
hernia. 

• The delivery system for CPAP can be a ventilator, bub- 
ble CPAP device, Infant Flow driver, or high-flow nasal 
cannula. Endotracheal tubes, nasopharyngeal prongs, 
and long and short binasal prongs are the common 
interfaces used for CPAP delivery. 

• Among the delivery systems available, current evidence 
does not support a single device for CPAP delivery. 

A short binasal prong, however, is the most effective 
interface option for delivering CPAP to infants. 

• There is no consensus regarding the most effective man¬ 
agement strategy to administer CPAP in newborn infants. 
Management is based more on clinical experience than 
research trials. 

• Monitoring and bedside care with supportive manage¬ 
ment are the key parameters that decide success with 
CPAP. Stabilization is judged as a comfortable infant 
with reduced respiratory rate and minimal or no chest 
retractions, in addition to other important key features. 
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7. Early attempts to create systems to provide CPAP to 
spontaneously breathing infants were aimed at trying 
to mimic which of the following important physio- 
logical factors that affect gas delivery to the lung? 

A. Nasal flaring 

B. Chest rise 

C. Work of breathing 

D. Grunting 

8. The most important aspect of CPAP that can impact 
the outcome and success of CPAP is: 

A. The device being used to generate CPAP 

B. Suctioning and airway clearance techniques 

C. Proper bedside care and level of experience of 
clinicians using the CPAP device 

D. The physician writing the orders 

9. The proper arrangement for any nasal CPAP system 
includes all of the following except: 

A. The hat should be loose fitting, covering the 
nose and extending to the base of the neck. 

B. Lateral attachment should provide gentie tension 
on the nasal interface. 

C. The prongs should be properly sized to eliminate 
migration from the nares. 

D. The hat should be tight fitting, covering the ears 
and extending to the base of the neck. 

10. All of the following devices are considered acceptable 
for measuring and delivering nasal CPAP safely to 
infants except: 

A. V-CPAP 

B. B-CPAP 

C. IF-SiPAP 

D. High-flow nasal cannula 


• Pneumothorax, pulmonary interstitial emphysema, 
pneumomediastinum, and pneumatocele are the possi- 
ble complications of CPAP application. 

• The proper bedside care ofan infant receiving CPAP is, 
perhaps, the single most important aspect influencing 
outcomes and successful use of CPAP therapy. 

• Weaning should be considered when the patient is sta¬ 
ble, has no incidents of apnea, and exhibits acceptable 
vital signs, biood gas values, and chest radiographic 
findings. Some institutions wean Fio 2 to 0.21 and then 
pressure is weaned in increments of 1 to 2 cm H 2 0 to 
a level between 3 and 5 cm H 2 0. 


| ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. The most common interface used to deliver CPAP to 
spontaneously breathing infants is: 

A. Infant hood 

B. Nasal prongs 

C. Nasopharyngeal endotracheal tube 

2. Physiological effects of CPAP include all of the 
following except: 

A. Improved respiratory system compliance and 
resistance 

B. Stabilization of the chest wall 

C. Increased mucus production 

D. Less lung injury than with mechanical 
ventilators 

3. CPAP is contraindicated in infants with which of the 
following congenital anomalies? 

A. Preoperative congenital diaphragmatic hernia 

B. Postoperative heart surgery 

C. Postoperative congenital diaphragmatic hernia 

4. CPAP levels greater than 8 cm H 2 0 are commonly 
associated with which of the following conditions? 

A. Gastric distention 

B. Oropharyngeal leaks 

C. Acute pulmonary edema 

D. Both A and B 

5. Which of the following clinical indicators best de- 
scribes methods for detecting early pneumothorax 
while monitoring infants receiving nasal CPAP? 

A. Persistent coughing and nasal flaring 

B. Widened pulse pressure 

C. An increased Fio 2 over the first day of CPAP 
support 

D. A significant increase in respiratory distress 

E. Diminished bilateral breath sounds 

6. The following factors are essential when constructing 
a B-CPAP system except: 

A. A positive end-expiratory pressure/exhalation 
val ve 

B. Hudson nasal prongs 

C. A blended gas source 
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Disorders 
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LEARNING OBJECTIVES 


After reading this chapter the reader will be able to: 

1. Describe the effects of NPPV on respiratory function 

2. Differentiate the effects of NPPV from CPAP on 
respiratory function 

3. Identify pediatric respiratory disorders amenable to a 
trial of NPPV 

4. Identify clinical scenarios in children less amenable to a 
trial of NPPV 


5. Explain the inspiratory pressure support feature of 
commercial bilevel pressure ventilators 

6. Discuss how adjustments in inspiratory and expiratory 
positive airway pressures affect respiratory function 

7. Recall the principles of interface selection so as to 
optimize the effectiveness and comfort of NPPV 

8. Discuss common complications and contraindications 
to NPPV 


KEY TERMS 


Noninvasive positive airway pressure 
(NPPV) 

Negative pressure-assisted ventila¬ 
tion (NPAV) 


Continuous positive airway pressure 
(CPAP) 

High-flow nasal cannula (HFNC) 


Inspiratory positive airway pressure 
(I PAP) 

Expiratory positive airway pressure 
(EPAP) 
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DEFINITIONS AND 
INTRODUCTION 

Methods of respiratory assistance that do not require an 
indwelling artificial airway are collectively termed noninva¬ 
sive (Box 16-1). This chapter addresses noninvasive ventila¬ 
tion in children in general, but the focus is primarily on 
noninvasive positive airway pressure (NPPV). Interest 
in NPPV treatment in infants and children over the past 
three decades has grown, in part because of the pervasive 
belief that NPPV is a safe alternate to invasive assisted ven¬ 
tilation via endotracheal tube. Although the cumulative 
experience with NPPV treatment of children in the acute 
settings is promising, the evidence that NPPV is superior 
to standard treatment in preventing intubation is incon- 
clusive. A trial of NPPV treatment may delay intubation 
and actually worsen clinical outcomes as suggested by its 
use in adults with simple community-acquired pneumo¬ 
nia. Improved survival of children with severe lung injury 
who are left with long-term respiratory dysfunction has 
fostered the use of NPPV in the pediatric intensive care 
unit. NPPV is used in this setting to facilitate early extuba- 
tion and transition to ambulatory care. The evidence in 
support of NPPV as a means of early extubation in children 
with severe lung disease is not conclusive. 2 NPPV is also 
commonly used in the emergency department and general 
care areas of the hospital to treat children with acute respi¬ 
ratory distress. 3 The safety and effectiveness of NPPV 
therapy in children outside the intensive care unit (ICU) 
for acute respiratory disorders have not been well studied 
or validated despite this common practice. 

NPPV treatment of infants and children with chronic re¬ 
spiratory disorders in the outpatient setting has also steadily 
grown. Caregivers of children with chronic respiratory 


Noninvasive Ventilation: Broad 
Purpose and Definitions 

The broad parpose of noninvasive ventilation is to treat respiratory 

dysfunction and restore respiratory gas exchange in a range of clinical 

settings. 

Noninvasive positive pressure ventilation (NPPV): A method of 
respiratory assistance that involves an external interface 
and cyclical positive pressure device. 

Negative pressure—assisted ventilation (NPAV): A method of 
respiratory assistance based on intermittent application 
of subatmospheric pressure external to the chest wall 
through a tank or mold. 

Continuous positive airway pressure (CPAP): A method of respira¬ 
tory assistance based on application ofa distending 
flow via an external interface to attain a defined constant 
positive pressure. 

High-flow nasal cannula (HFNC): A means of respiratory assis¬ 
tance that utilizes a soft nasal cannula interface and high 
humidified flow source to raise the intraluminal pharyn- 
geal pressure. 


failure managed at home by tracheostomy and positive 
pressure ventilation often seek NPPV as a means to tracheal 
decannulation so as to ameliorate the social disadvantages 
associated with a tracheostomy. 4 There are no clear guide¬ 
lines for monitoring of children treated with NPPV in either 
the hospital or ambulatory setting. These and other issues 
pertaining to the use of NPPV in the pediatric patient are 
addressed in this chapter. 

Factors for the Respiratory Care 
Professional to Consider Before 
Starting NPPV in a Child 

Foremost, the clinician should assess the age and pattern 
of respiratory dysfunction in the child and the clinical set¬ 
ting to decide whether a trial of NPPV is even warranted. 
Are sedation and electronic monitoring going to be neces- 
sary? A second consideration is whether or not the avail- 
able equipment for NPPV has the necessary performance 
features to meet the ventilatory demand of the child. 
Commercially available bilevel pressure ventilators with 
inspiratory pressure support are designed to respond to 
the mechanical properties and respiratory time constants 
of adults, 3 and the tidal volume by NPPV is dependent on 
the level of respiratory impedance. 6 Furthermore, small 
children and infants with respiratory distress often cannot 
attain the predefined levels of inspiratory flow or pressure 
required to trigger the inspiratory support feature. After 
initiation of NPPV, the child must be assessed immediately 
to be certain that the work of breathing has decreased and 
that there is sufficient improvement in respiratory gas 
exchange. 

OBJECTIVES OF NPPV 
AND CPAP 

The broad objectives of assisted ventilation are addressed 
elsewhere (see Chapter 17, Invasive Mechanical Ventilation 
of the Neonate and Pediatric Patient). The primary objec¬ 
tives of NPPV in children with acute respiratory distress 
are to decrease the work of breathing and improve respira¬ 
tory gas exchange (Box 16-2). To determine the effective¬ 
ness of NPPV in achieving these objectives, the respiratory 
therapy professional must complete a thorough examina- 
tion of the child. Children with acute respiratory distress 
typically breathe rapidly and shallowly, use the accessory 
muscles of respiration, and present with thoracic/abdominal 
retractions. Therefore the therapist’s primary objective is 
to evaluate the work of breathing before and after initia¬ 
tion of NPPV and document in the medical record that the 
goals of treatment have been achieved. 

Children with respiratory failure from neuromuscular 
weakness or central alveolar hypoventilation may not dem- 
onstrate the signs and symptoms of respiratory distress 
despite severe derangement in respiratory gas exchange. In 
such patients and in young infants, an arterial biood gas is 
necessary to assess the degree of respiratory dysfunction 


Box 16-1 
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Objectives of Noninvasive 
Ventilation in Pediatric Patients with 
Respiratory Distress 

The primary objectives ofNPPV are to decrease the work of breathing 
and improve respiratory gas exchange. 

• Decreased work of breathing manifested by 

• Decreased respiratory rate 

• Decreased retractions 

• Decreased use of accessory muscles of breathing 

• Improved respiratory gas exchange manifested by 

• Decreased arterial Pacc >2 

• Increased arterial Pac >2 

• Increased arterial pH 

• Increased functional residual capacity (FRC) 

• Increased patency of the oral-pharyngeal airway and 
decreased intrinsic auto-PEEP 


Box 16-2 


and to determine the effectiveness of NPPV. A venous 
biood gas is often used to assess the acid/base status of a 
child in the acute setting but is not a reliable estimate of 
respiratory gas exchange. Thus arterial or capillary biood 
samples are the preferred method of collection. The at- 
tending physician of record should be notified when, in 
the opinion of the therapist, a child has failed a trial of 
noninvasive ventilation. 

The clinical objectives of continuous positive airway 
pressure (CPAP) therapy are similar to those ofNPPV but 
through different mechanisms. An appropriate level of 
CPAP must increase end-expiratory lung volume (func¬ 
tional residual capacity) and thereby improve oxygenation. 
CPAP therapy may or may not improve tidal volume and 
alveolar ventilation. In children and neonates with restric- 
tive respiratory dysfunction and decreased lung compli- 
ance, CPAP therapy can raise tidal volume. However, in 
children with lung overexpansion from air trapping and 
increased compliance, CPAP therapy may actually decrease 
tidal volume. Two clinical trials have compared intermit- 
tent nasal NPPV to CPAP in neonates with respiratory 
distress syndrome. 7,8 A significant decrease in treatment 
failure, defined as the need for rescue invasive ventilation, 
was found in NPPV-treated infants, but NPPV did not de¬ 
crease in the prevalence of chronic lung disease. In daily 
practice, CPAP is likely as good a choice as NPPV in situa¬ 
tions in which the predominant respiratory derangement 
is hypoxemia from ventilation-perfusion inequality but 
the child has adequate alveolar ventilation. NPPV is pre¬ 
ferred when hypoventilation is present and the child has 
sufficient inspiratory effort to trigger the inspiratory pres¬ 
sure support function of the NPPV device. 

NPPV can be applied to children with both acute and 
chronic respiratory disorders to achieve other benefits on 
lung function (see Box 16-2). Children with restrictive lung 
disorders, including atelectasis, pneumonia, neuromuscu- 
lar weakness, and morbid obesity, typically present with 
hypoxemia and a reduction in functional residual capacity. 


Both NPPV and CPAP are effective in this setting to restore 
end-expiratory lung volume. NPPV is offered to patients 
with chronic hypoventilation disorders as a clinical benefit 
used at night to reduce the severity of daytime symptoms 
associated with chronic hypercarbia—headache and fa- 
tigue.' The daytime Paco 2 (arterial partial pressure of car¬ 
bon dioxide) should decrease 1 to 2 weeks after initiation 
of nocturnal NPPV treatment. This is likely explained by 
decreased biood pH through nocturnal carbon dioxide 
elimination, diminution of renal bicarbonate reabsorp- 
tion, and restoration of the central ventilatory responsive- 
ness to changes in pH. We have found that intermittent 
NPPV treatment in pediatric patients with chronic hypoven¬ 
tilation disorders effectively improves daytime carbon diox¬ 
ide elimination for at least a period of 1 year and that this 
improvement is associated with a decrease in total serum 
levels of bicarbonate. 10,11 

Likewise, in children with intermittent or chronic 
upper airway obstruction NPPV or CPAP can raise the 
intraluminal pharyngeal and hypopharyngeal pressures to 
impede collapse and maintain the patency of the laryngeal 
inlet. Assessment of the effectiveness of NPPV or CPAP in 
both these functions is important and involves a detailed 
respiratory examination and appropriate monitoring of 
gas exchange. The sleep laboratory is an ideal location to 
assess the effectiveness of NPPV and CPAP in the treat¬ 
ment of upper airway dysfunction and sleep-disordered 
breathing. There is an important role for the respiratory 
therapist in optimal interface selection, adjustment, and 
monitoring ofNPPV in the polysomnography laboratory. 

OBJECTIVES OF HIGH-FLOW 
NASAL CANNULA 

High-flow nasal cannula (HFNC) systems are commonly 
used in the neonatal (NICU) and pediatric intensive care 
units (PICU) to treat acute respiratory distress. HFNC 
treatment is often selected as an alternative to NPPV and 
CPAP to avoid the relative discomfort of a mask interface. 
The goal is to administer a threshold level of nasal gas flow 
to raise the intraluminal nasopharyngeal pressure suffi¬ 
cient to increase functional residual capacity and maintain 
upper airway patency. The effectiveness of HFNC in meet¬ 
ing these objectives is not well studied in children. 11 In 
premature infants the minimal level of HFNC treatment to 
improve respiratory status was found in one systematic re- 
view to be greater than 2 lpm. 1 In a study of infants with 
bronchiolitis, nasopharyngeal pressures increased linearly 
(0.45 cm H 2 0 for each 1 L/min increase) with HFNC rates 
up to 6 lpm. 14 In an uncontrolled study of children in the 
ICU, treatment with HFNC was associated with acute im¬ 
provement in respiratory distress and aeration on chest 
film. 15 Children presenting to the emergency department 
with acute respiratory distress treated with HFNC per an 
institutional protocol had a significant reduction in intu- 
bation rates compared with children not treated in this way 
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during an earlier period, but this observation was retro- 
spective and not controlled. 16 For more details on sug- 
gested flow settings, piease refer to Chapter 10. 

EXPERIENCE WITH NPPV 
TREATMENT IN PEDIATRIC 
RESPIRATORY DISORDERS 

Acute Respiratory Distress 

NPPV is widely used in the ICU setting to treat infants and 
children with acute respiratory distress associated with a 
broad Spectrum of disorders (Box 16-3). Whereas the cu- 
mulative evidence is highly supportive of an early trial of 
NPPV in adults with acute cardiogenic pulmonary edema 1 
and acute exacerbations of COPD, 18 evidence in support of 
NPPV treatment in adults with acute asthma is not con- 
clusive. 19 Furthermore, there is no comparable level of evi¬ 
dence to support or refute NPPV use in acute respiratory 
disorders of children. This topic was last reviewed in 
2003, 20 and the fundamental question from that review is 
the same today: Does NPPV treatment prevent or just de- 
lay intubation in children with acute respiratory distress at 
risk for respiratory failure? The physiological benefits of 
NPPV in children with acute respiratory failure associated 
with hypercarbia were recently described. 21 Application of 
NPPV led to a 33% increase in tidal volume, and a 56% de- 
crease in the diaphragmatic pressure-time product. These 
changes indicate a significant decrease in work of breath- 
ing as well as improved respiratory gas exchange. Unfortu- 
nately, short-term physiological improvements after NPPV 
application in children with acute respiratory distress have 
not been linked to improved clinical outcomes confirmed 
by controlled trials. The studies to date are observational 
and include children with diverse causes of respiratory 
distress. 

In a recent observational study of 151 small children in 
acute respiratory distress who were treated with NPPV, 
there were clear improvements in gas exchange and work 


Acute Respiratory Disorders of 
Infancy and Childhood Amenable to 
Treatment with NPPV 

• Early phase of ARDS 

• Acute chest syndrome 

• Congenital heart disease 

• Complicated community-acquired pneumonia 

• Pulmonary edema 

• Fat or bone marrow embolism 

• Status asthmaticus 

• Postextubation respiratory distress 

• Acute pulmonary hemorrhage 

• Near drowning lung injury 

• Acute lung aspiration syndromes 

• Bronchiolitis 

• Acute respiratory distress post bone marrow transplantation 


of breathing, but the study was uncontrolled and the intu¬ 
bation failure rate was nearly 25%. 22 Risk factors for NPPV 
failure (i.e., need for intubation) were premature birth and 
pneumonia. Improvements in oxygenation occurred in 
both the NPPV success and NPPV failure groups in the 
first 4 hours of treatment, but indices in the work of 
breathing improved only in the NPPV success group. A 
5-year review of NPPV use in children in the ICU setting 
again supported its effectiveness (77% success rate in pre- 
venting intubation), but these observations are both un¬ 
controlled and retrospective. 22 ' These reports do highlight 
disorders wherein NPPV treatment in children was not 
effective, including acute respiratory distress syndrome 
(ARDS). 23,24 In case series NPPV has been applied with 
mixed results to children with respiratory distress from 
status asthmaticus, 20 acute chest syndrome, ’ and con¬ 
genital heart disease. 26 With acute asthma, NPPV may be 
an effective adjunct therapy to improve lung function 
when applied in combination with nebulized bronchodila- 
tors. 2 An important note to the interpretation of these 
reports for the respiratory care professional is the need for 
sedation to comfortably apply NPPV in the acute setting, 
especially for children with status asthmaticus. 20 

Guide for the Practicing Respiratory 
Care Professional: Acute Respiratory 
Distress 

The practicing respiratory professional should consider 
several factors before initiating a trial of NPPV in an in¬ 
fant or child with acute respiratory distress (Box 16-4). 
Foremost the therapist must evaluate the setting and 
available resources to monitor and treat the child. Moni- 
toring requirements and availability of skilied ancillary 
personnel are as important with NPPV as they are in a 
child who requires intubation and mechanical ventila¬ 
tion. Case reports do not support a trial of NPPV in 
patients with cardiovascular instability and fulminant 
respiratory failure—for example, children with rapidly 
evolving hypoxemia from ARDS. 2 ' 1 Pediatric disorders 
that lead to a low likelihood of successful response to 
NPPV include ARDS, status asthmaticus, pulmonary 
hemorrhage with hemoptysis, and sepsis with cardiovas¬ 
cular instability. NPPV should not be initiated based on 
the assumption that it will necessarily decrease the likeli¬ 
hood of endotracheal intubation and thus should be 
restricted to a practice environment also conducive to 
immediate airway management and critical care support 
of the child. Consideration should also be given to 
whether or not the child will need sedation to tolerate 
NPPV. Agitation with placement of the mask interface is 
an important cause of treatment failure in children with 
status asthmaticus treated with NPPV. 20 

Chronic Respiratory Failure 

NPPV is often used to treat children with chronic respira¬ 
tory disorders in two settings—as rescue therapy, based on 


Box 16-3 
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Factors Informing the Success or 
Failure of NPPV in the Treatment of 
Acute Respiratory Distress in 
Children 

Assignment of skilied personnel to monitor and manage a 
critically ill child 

Availability of appropriate NPPV equipment and monitor- 
ing devices 

Level of postnatal development and status of airway 
protective reflexes 

Exclusion of children with rapidly evolving hypoxemia: 
cardiovascular instability, ARDS, severe asthma 


the belief that it can prevent endotracheal intubation in 
acute exacerbations, and as a long-term clinical benefit. In 
a recent European review, outpatient NPPV use in children 
was concentrated among a few centers specializing in pedi- 
atric respiratory care. 28 Long-term use of NPPV can pro- 
vide substantial clinical benefit in children with a range of 
respiratory disorders complicated by chronic respiratory 
failure (Box 16-5). 29 3 2 The physiological benefits of NPPV 
treatment in the ambulatory setting have been reviewed 
earlier in this chapter. Perhaps the most successful experi- 
ence with NPPV as a rescue therapy is its use in acute exac¬ 
erbations of hypercarbic respiratory failure in children 
with chronic neuromuscular disorders. 33 Children with 
myelomeningocele are at risk for a number of life-threatening 
respiratory complications for which NPPV has been used 
effectively in combination with other respiratory thera- 
pies. 34 In children with advanced cystic fibrosis (CF) lung 
disease, long-term NPPV has been successful as a bridge 
therapy to lung transplantation. 33 In a single uncontrolled 
case series, long-term NPPV use was associated with stabi- 
lization of lung function in advanced CF lung disease, 36 
but the short-term use of NPPV was no more beneficial 
than standard therapies in clearing airway secretions. 3 ' 
Nonetheless, in a systematic review of available trials of 
NPPV, the current recommendation is to consider its use 
as an adjunct therapy for airway secretion clearance in pa¬ 
tients with cystic fibrosis lung disease. 38 


Pediatric Chronic Respiratory 
Disorders Amenable to Long-Term 
NPPV Treatment 

Chronic respiratory failure associated with neuromuscular 
weakness or chest wall dysfunction 
Cerebral palsy and other severe neurobehavioral 
abnormalities 

Respiratory complications of myelomeningocele 
Advanced cystic fibrosis lung disease (as a bridge to 
transplantation) 

Alternate to tracheostomy in congenital central alveolar 
hypoventilation syndrome 


Standard treatment for congenital central alveolar hy¬ 
poventilation syndrome (CCHS) is long-term assisted ven¬ 
tilation via tracheostomy, with and without supplemental 
diaphragmatic pacing. CCFIS is an especially high-risk 
disorder when considering treatment with NPPV because 
of the failure of autonomic ventilatory drive during quiet 
sleep. These children are at high risk of central hypoventi¬ 
lation. Nonetheless, because of the social and medical dis- 
advantages of a tracheostomy, caregivers of children with 
CCFIS increasingly seek noninvasive modes of ventilation 
as a means to facilitate tracheal decannulation. 11,30 NPPV 
has been used to treat children with CCFIS with standard 
mask interfaces and as a bridge to long-term treatment 
with negative-pressure assisted ventilation. 39 In regard to 
effective settings, a recent modification of the pressure- 
support mode to facilitate assured volume delivery was 
used to treat a teenager with CCFIS. 40 

Guide for the Practicing Respiratory 
Care Professional: Chronic Disorders 

Respiratory care professionals involved in the treatment 
with NPPV of children with chronic respiratory disorders 
should make sure that appropriate monitoring is in place. 
In the home setting NPPV should be viewed as a treatment 
with a probable clinical benefit, and not for the purposes of 
life support. Flence monitoring requirements may be less 
stringent in the home setting than in the hospital but, most 
importantly, is determined by the acuity of the child’s con- 
dition. The selection of a comfortable mask interface that 
fits appropriately is especially important for long-term 
NPPV use in children. In about one fifth of children an in¬ 
terface change is necessary, primarily because of patient 
discomfort. 41 CCHS is a special disorder in which careful 
monitoring is necessary whenever the child is asleep. The 
device used to apply NPPV must be set to deliver effective 
and consistent minute ventilation, and a backup ventilatory 
rate is mandatory. The sleep laboratory is an ideal setting to 
assess the adequacy of meeting these goals in children, and 
such studies should be done on a regular basis. A best prac- 
tice advisory is available from the American Academy of 
Sleep Medicine to adjust NPPV settings via polysomnogra- 
phy in adults and children with stable alveolar hypoventila¬ 
tion syndromes. 42 Although there are certainly neonates 
with CCHS who have been treated with NPPV alone since 
birth, the safety of this practice as an alternative to standard 
treatment with regard to long-term developmental and car- 
diopulmonary outcomes has not been rigorously studied. 

Obstructive Sleep Apnea Syndrome 
and Morbid Obesity 

NPPV is often selected as an alternate to nasal CPAP in chil¬ 
dren with complicated obstructive sleep apnea syndrome 
(OSAS) and in children with obesity hypoventilation syn¬ 
drome. The advantage of NPPV in these disorders is the 
pressure support function, which will assist the respiratory 
muscles during inspiration to overcome resistance imposed 


Box 16-4 


Box 16-5 
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by a collapsed upper airway and stiff chest wall. Although 
there are no clear guidelines, selection of NPPV over CPAP 
in children with OSAS is typically made in OSAS compli- 
cated by alveolar hypoventilation and hypercarbia. OSAS 
often complicates a restrictive pattern of respiratory 
dysfunction in a number of so-called overlap syndromes, 
including cerebral palsy, myelomeningocele, Down syn- 
drome, and morbid obesity. In these disorders NPPV con- 
fers a distinet advantage over CPAP to decrease the work of 
the respiratory muscles, inerease tidal volume, and thereby 
reverse alveolar hypoventilation. A distinet pattern of 
periodic central apnea during sleep is an important com- 
plication of sleep-disordered breathing in congestive heart 
failure patients. Application of a sufficient level of CPAP to 
reduce the apnea-hypopnea index in heart failure patients 
below 15 events per hours was associated with improved 
cardiac funetion. 42 NPPV is widely touted as a means to 
improve nocturnal ventilation and sleep quality in pa¬ 
tients with obesity hypoventilation syndrome. However, in 
a recent controlled trial, although NPPV did improve 
daytime C0 2 elimination, it did not alter a panel of inflam- 
matory and metabolic disturbances in obesity hypoventila¬ 
tion syndrome. 44 

NONINVASIVE VENTILATION 
WITH POSITIVE-PRESSURE 
DEVICES 

Bilevel Pressure-Targeted 
Ventilators 

NPPV is accomplished in children using either pressure- 
support or volume-regulated devices. 28 Bilevel devices de¬ 
liver pressure-supported assisted ventilation, a mode in 
which a step threshold change in inspiratory flow or pres¬ 
sure triggers the unit to deliver a preset level of positive 
pressure during the inspiratory effort. The result is an in¬ 
erease in tidal volume that is dependent on the compliance 
and resistance of the respiratory system and the gradient 
between the inspiratory and expiratory pressure adjust- 
ments. 6,48 Most bilevel ventilators available for commercial 
use are adept at delivering sufficient flow to reach the tar- 
geted level of inspiratory pressure. 8 These devices also have 
a flow compensation feature so that small leaks around 
the interface or through the mouth do not seriously im- 
pair performance. However, the capacity of NPPV devices 
to compensate for severe leaks is limited and the result is 
greater patient/ventilation asynchrony, cited as a common 
reason for NPPV failure in the acute setting. 29 

Other features that are standard on bilevel pressure- 
targeted ventilators include an expiratory positive airway 
pressure (EPAP) adjustment, backup ventilatory rate, 
and mode selection. Some devices introduced recently fea¬ 
ture an integrated blender to titrate supplemental oxygen 
delivery (such as the BiPAP Vision ventilator support sys¬ 
tem; Philips Respironics, Murrysville, PA). Other more re¬ 
cent adaptations of bilevel ventilators include integrated 


alarm systems, graphic display, memory chip for recording 
events, and internal battery packs. 

Regulatory Issues with Bilevel 
Ventilators 

Despite widespread publications citing their effeetiveness 
and safety, the U.S. Food and Drug Administration (FDA) 
does not approve bilevel devices as an invasive mode of 
mechanical ventilation in children. Instead these devices 
are in the FDA category of noncontinuous ventilator and 
as such are primarily intended to augment patient ventila¬ 
tion. The position of most managed care agencies and 
home respiratory vendors is that bilevel positive airway 
pressure with backup rate is not appropriate for use with a 
tracheostomy or as a substitute for an FDA-approved por¬ 
table home ventilator. Although this has not been an issue 
for inpatient application, it is a major impediment for out- 
patient use. Most home care companies require that physi- 
cians sign an indemnification agreement releasing them 
from liability should the device fail. 

Adaptive Servoventilation (ASV) and 
Proportional Assist Ventilation (PAV) 

The adaptive servoventilator (AutoSet CS; ResMed, Sydney, 
Australia) is a modified bilevel pressure ventilator suitable 
for NPPV. The device provides a baseline level of ventila¬ 
tory support (end-inspiratory pressure of 9 cm H 2 0) su- 
perimposed on 5 cm H 2 0 CPAP. The subject’s ventilation 
is servocontrolled with a high-gain integral controller (0.3 cm 
H 2 0 per L/min per second, clipped to 4 to 10 cm H 2 0) to 
equal a moving target ventilation of 90% of the long-term 
average ventilation (time constant 3 min). 46 If the subject 
suddenly ceases all central respiratory effort, the device 
will inerease the inspiratory pressure amplitude from a 
minimum of 4 cm H 2 0 up to whatever is required to main- 
tain ventilation at 90% of the long-term average. In com- 
parison to nocturnal CPAP, ASV decreased central apnea 
and Cheyne-Stokes breathing and improved sleep quality 
in adults with congestive heart failure. Although use of 
ASV in children is limited, its design features are amenable 
to long-term disorders complicated by central alveolar 
hypoventilation, including Chiari malformation, myelo¬ 
meningocele, and even CCHS. 

Proportional assist ventilation (PAV, BiPAP Vision Venti¬ 
lator, Respironics Inc, Pittsburgh, PA) is a modification 
of pressure-support ventilation (PSV) to match ventilator 
responsiveness to patient breathing effort. Unlike PSV that 
uses a preset inspiratory pressure, PAV provides inspiratory 
flow and pressure in proportion to the patient’s spontane- 
ous breathing effort as determined by instantaneous feed¬ 
back from an in-line pneumotachometer 4 Cycles from in¬ 
spiration to expiration are not dependent on a predetermined 
reduction in inspiratory flow, as is the case with PSV. PAV, 
when properly adjusted, terminates delivery of inspiratory 
assistance with cessation of inspiratory effort. In this way, 
PAV has the potential of enhancing patient-ventilator 
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synchrony. PAV performed better in regards to patient pref- 
erence and some physiological variables than standard PSV 
by nasal mask in a comparison trial of adults with acute 
respiratory failure. 48 

Volume-Regulated Ventilators 

NPPV can be accomplished through portable ventilators 
designed to cycle in the volume mode. The features of 
these ventilators are reviewed in Chapter 35 (Home Care). 
The potential advantages of volume-regulated devices for 
NPPV include superior performance when used in the syn- 
chronized intermittent mandatory ventilation mode for 
patients who, with significant neuromuscular weakness or 
central hypoventilation, may not trigger bilevel ventilators. 
However, this limitation of standard bilevel ventilators 
may be overcome with modern devices with the technical 
features to provide ASV and PAV. 

Major drawbacks of portable volume-regulated ventila¬ 
tors for NPPV in pediatric patients include their relative 
size, limited portability, and, most importantly, limited 
attainment of high levels of inspiratory flow to support 
spontaneous respiratory efforts. Newer generations of 
portable ventilators are smaller and provide flow rates 
that support spontaneous breathing, including pressure 
support. 

To appropriately adjust a volume-regulated ventilator 
for NPPV, the delivered tidal volume should be approxi- 
mately twice that of the child’s physiological tidal volume 
to accommodate the dead space of the nasopharynx and 
conducting airways. Setting the tidal volume above the 
physiologic range and adjusting the peak inspiratory pres¬ 
sure until the required tidal volume is achieved can accom- 
plish this. This method, originally referred to as pressure 
plateau ventilation , is commonly used for invasive long-term 
mechanical ventilation in pediatric patients. 49 Probably 
because of enhanced patient comfort and lower costs with 
pressure-device NPPV, there is a modern trend away from 
volume-regulated and toward pressure-supported devices 
to accomplish NPPV in the ambulatory setting. 50 

NONINVASIVE VENTILATION 
WITH NEGATIVE-PRESSURE 
DEVICES 

Negative pressure-assisted ventilation (NPAV) is a 

form of respiratory assistance in which subatmospheric 
pressure is applied intermittently through a cuirass or 
tank (iron lung) device external to the chest wall. Expira- 
tion occurs as the pressure around the chest wall is al- 
lowed to return to atmospheric levels. This method of 
assisted ventilation has a long tradition of being effective 
in pediatric patients with hypoventilation associated with 
acquired neurological injury from trauma or infection 
and chronic restrictive lung disorders. 5 1,52 However, large 
tank ventilators are difficult to transport and have gradu- 
ally fallen out of use. Instead modern cuirass devices 


(United Hayek RTC, London United Kingdom) are FDA 
approved and being utilized on a limited bases. The advan- 
tage of these devices is a beneficial effect on cardiac Alling 
pressures and volumes, a beneflt found even in healthy 
individualsd In a highly novel application, negative pres¬ 
sure applied to the abdomen in combination with nasal 
CPAP has been studied as an effective means to recruit atel- 
ectatic lung, although this approach has not been used in 
humans. 54 An important drawback of negative-pressure 
ventilation is signiflcant disruption of sleep in patients with 
neuromuscular disorders and poor control of the muscle 
group supporting the upper airway. In these patients, treat- 
ment with negative-pressure ventilation can be complicated 
by recurrent episodes of obstructive apnea/hypopnea cul- 
minating in transient hypoxemia. 

NPPV ADJUSTMENT: MODES 
AND PRESSURE TITRATION 

Modes 

Most bilevel pressure-targeted ventilators suitable for 
NPPV feature CPAP, spontaneous, timed, and spontane- 
ous/timed operating modes (Box 16-6). In the CPAP mode, 
these devices provide constant flow to maintain a target 
level of continuous positive airway pressure. Inspiratory 
pressure support is not provided. In the spontaneous 
mode, the ventilator responds to a threshold level of inspi¬ 
ratory flow or to a change in volume that is initiated by the 
patient’s spontaneous respiratory effort. At the inspiratory 
flow threshold, the ventilator delivers additional gas flow 
to reach the preset inspiratory positive airway pressure 
(I PAP). Exhalation occurs after the inspiratory flow peaks 
and then decreases to a threshold level. In the timed mode, 
the ventilator does not flow trigger but delivers intermit¬ 
tent pulses of positive airway pressure at a set rate. In the 
spontaneous/timed mode, the flow-trigger feature is acti- 
vated. The ventilator cycles in the timed mode only in the 
event of prolonged apnea. 

Guide for the Practicing Respiratory 
Care Professional: NPPV Adjustment 

Pediatric patients are typically managed with NPPV in the 
spontaneous/timed mode. The chief advantage of this 
mode is patient comfort. This results when the child’s 


Box 16-6 


NPPV Modes 


CPAP: Continuous flow with no inspiratory pressure assist 
or rate 

Spontaneous: Patient-triggered inspiratory pressure assist 
with no backup rate 

Timed: Device-initiated pulse of preset positive pressure at a 
set rate 

Spontaneous/Timed: Patient-triggered inspiratory pressure 
assist and timed mode cycling in the event of prolonged 
apnea 
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inspiratory efforts are assisted with the inspiratory pres¬ 
sure support feature. Significant barriers to effective NPPV 
in pediatric patients treated with NPPV are ineffective trig- 
gering 55 ' 56 and patient/ventilator asynchrony 29 The best 
way for the practicing therapist to promote effective trig- 
gering and prevent asynchrony with NPPV is to minimize 
leaks around the mask interface. In the presence of a sig¬ 
nificant leak, the inspiratory pressure target is never 
reached, resulting in a long inflation time as the unit deliv¬ 
ers massive amounts of inspiratory flow in an attempt to 
attain the preset inspiratory pressure. This may require ap- 
plication of an oral-nasal mask in a child with significant 
mouth leak. Some modern bilevel ventilators (VPAPIII ST, 
ResMed, Poway, CA; BiPAP Vision, Philips Respironics) 
designed for NPPV feature an adjustable inflation time 
that can be set to prevent this problem. There is little pub- 
lished experience with pediatric patients treated with 
NPPV exclusively in the timed mode. Recent guidelines 
recommend consideration of the timed mode or use of a 
backup rate in children with evidence of central alveolar 
hypoventilation. 42 In this mode the ventilator essentially 
functions as a time-cycled, pressure-limited device. It is 
important for therapists to be aware that many ventilators 
available for NPPV in children have significant perfor- 
mance limitations; hence the need for appropriate bedside 
assessment and monitoringf 

Pressure Titration 

With modern bilevel pressure ventilators, the IPAP adjust- 
ment determines the target distending airway pressure at- 
tained during flow-triggered or timed ventilator inflations 
(Box 16-7). The IPAP should be set above the EPAP to raise 
the child’s tidal volume, “unload” the respiratory muscles, 
and decrease respiratory distress. The differential between 
the IPAP and EPAP adjustment determines the tidal vol¬ 
ume. Detailed guidelines for the adjustment of NPPV set- 
tings in the polysomnography laboratory are provided by 
the American Academy of Sleep Medicine. 42 Although 
modern bilevel devices are capable of achieving IPAP levels 
of 30 cm H 2 0, children younger than 12 years typically do 
not tolerate pressures higher than 20 cm H 2 0 without 
some type of sedation. 20 There may be a delay of several 
hours before a step increase in IPAP achieves a reduction in 
Paco 2 . In this event, other factors can be used to determine 
the effectiveness in NPPV (Table 16-1). In day-to-day clini- 
cal practice, an IPAP setting of between 8 and 12 cm H 2 0 
is typically sufficient to achieve the goals of NPPV in pedi¬ 
atric patients. 


Box 16-7 


NPPV Pressure Adjustments 


Inspiratory positive airway pressure (IPAP): Determines the tidal 
volume 

Expiratory positive airway pressure (EPAP): Raises end-expiratory 
lung volume and impedes upper airway collapse 


TABLE 16-1 


Methods to Determine the Clinical Effectiveness of 
Noninvasive Ventilation 


Outcome Expected 

Decrease in work 
of breathing 


Improvement in 
respiratory gas 
exchange 


Increase in FRC 


Maintenance of 
upper airway 
patency 


Method and Limitations 

Physical examination: Acute decrease in 
respiratory rate, retractions, and use of 
accessory muscles. Not reliable in young 
infants and children with neuromuscu- 
lar and central disorders. 

Pulse oximetry: Acute improvement in Sao 2 . 
Not a reliable metric in the assessment 
of hypoventilation. Interpretation 
obscured by concurrent 0 2 treatment. 

Biood gas sampling: Increase in pH, 
decrease in Paco 2 , increase in Pao 2 ; 
invasive—Paco 2 may not decrease for 
hours if at all in some disorders. 

End-tidal C0 2 monitoring: Acute reduction in 
end-tidal C0 2 . High background flow in 
NPPV circuit can wash out expired C0 2 . 

Transcutaneous C0 2 monitoring: Subacute 
reduction in transcutaneous C0 2 
monitoring; accuracy dependent on 
careful electrode placement; changes lag 
minutes behind change in actual Paco 2 . 

Routine chest radiography: Increased lung 
expansion, decreased atelectasis; 
difficult to accomplish during therapy; 
changes can lag days behind. 

Sleep polysomnography: Subacute reductions 
in the number of airway-occlusive 
episodes decrease with the degree of 
thoracoabdominal asynchrony. Not 
amenable to acute clinical setting. 


FRC j Functional residual capacity; NPPV, noninvasive positive pressure 
ventilation; Paco 2 , arterial partial pressure of carbon dioxide; 

Pao 2 , arterial partial pressure of oxygen; Sao 2 , arterial oxygen saturation. 


The EPAP adjustment with NPPV primarily determines 
the end-expiratory lung volume and maintains the stabil- 
ity of the upper airway. In a typical pediatric application of 
NPPV, EPAP levels of 6 to 8 cm H 2 0 are effective in im- 
proving oxygenation and preventing obstructive apnea. 
Most children, regardless of the setting or indication, 
poorly tolerate EPAP levels above 10 cm H 2 0. 

Overtitration of airway pressures is a common mistake 
when NPPV is attempted in pediatric patients. In children 
with normal lung compliance, typically those with neuro- 
muscular lung diseases, optimal results are seen at relatively 
low distending pressures. Raising the pressure to compen- 
sate for leaks around the nasal mask or through the mouth 
often is poorly tolerated in children and can lead to central 
hypoventilation. The mechanism behind this is uncertain, 
but it is also seen in adult patients with obesity hypoventila¬ 
tion syndrome treated with nasal CPAP. 58 

In negative pressure-assisted ventilation, the applied 
subatmospheric pressure is decreased incrementally to 
raise the tidal volume. A significant hazard in exposing 
patients with neuromuscular disorders to intermittent 
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external subatmospheric pressures while leaving the head 
and neck exposed to ambient atmospheric pressure is epi- 
sodic obstructive apnea and hypopnea. In clinical practice 
this can be minimized by concomitant nasal CPAP therapy 
with negative pressure-assisted ventilation. 


INTERFACE SELECTION AND FIT 

Interface devices appropriate for NPPV include nasal masks, 
nasal-oral masks, and nasal plugs or pillows. 41 Recent ad- 
vances in interface design have led to assisted ventilation 
with a helmet device. Administration of CPAP via a helmet 
was compared with conventional mask interface in children 
with acute respiratory distress and was well tolerated, with 
some physiological advantages.'-' One study in adults com¬ 
pared different interfaces and showed that although nasal 
masks are more acceptable to patients, facial masks and 
nasal plugs delivered higher minute ventilation with better 
carbon dioxide elimination than nasal masks. 60 

In most clinical scenarios the nasal mask is the pre- 
ferred interface in pediatric patients (Box 16-8). Newer- 
generation nasal masks have a soft gel cushion (e.g., the 
Phantom nasal mask, SleepNet, Manchester, NH) that 
conforms to the contours of the face and forehead and are 
thus more comfortable. These models also minimize air 
leaks and facial trauma. However, in critically ill patients 
even small oral air leaks are undesirable. Nasal-oral masks 
should be considered when absolute avoidance of an oral 
air leak is necessary. However, nasal-oral masks may pose 
a significant risk of aspiration of gastric contents in the 
event of emesis and also may increase anxiety in young 
children. Under these conditions, sedation is often neces¬ 
sary, and the child should not be fed. 

Nasal masks are commercially available in a wide range 
of sizes and shapes to fit children and adolescents. How¬ 
ever, soft nasal masks are not widely available for small in¬ 
fants and in one case series children younger than 2 years 
treated with NPPV required custom-made masks. Custom 
masks may also be indicated in children with midfacial 
syndromes associated with maxillary hypoplasia. The nasal 
mask should fit snugly around the nasal margins. When 


Box 16-8 


Guide to Interface Selection in 
Pediatric Patients Treated with NPPV 


Consider the setting: acute respiratory distress versus 
long-term use for a chronic disorder. 

Consider the acuity: A complete seal is important if gas 
exchange is compromised by leak. 

Soft nasal masks are more comfortable, better tolerated, 
and have a relative safety advantage. 

Nasal oral masks are indicated when a complete seal is 
necessary and the child is in acute distress. 

The most common error in pediatrics is to select an 
overly large mask in the interest of comfort. These pose 
greater risks of leak and skin irritation. 


the mask is too large, significant tension on the head straps 
is necessary to prevent mask leaks, thereby promoting der- 
mal ulceration at the nasal bridge. Long-term intermittent 
NPPV by means of a nasal mask may impair maxillary bone 
growth. 61 This concern, although not clearly supported by 
available evidence, is considered significant by caregivers of 
children treated with NPPV. 

Nasal plugs or pillows can be substituted for nasal masks 
in children who complain of discomfort with the nasal 
mask. Nasal plugs or pillows are not used as often because 
most children eventually adapt to the nasal mask very well. 
They may have some role treating teenagers because they 
place no pressure on the face and do not interfere with 
vision. 


MONITORING THE PATIENT 
AND VENTILATOR CIRCUIT 

Selection of patient and ventilator monitors with NPPV is 
based primarily on the clinical setting and the acuity of the 
patient. In critically ill children, NPPV serves a life support 
function. The optimal location for patients receiving 
NPPV depends on the capacity for adequate monitoring, 
staff skili, experience with and knowledge of the equip- 
ment used, and awareness of potential complications. The 
patient should thus be monitored with arterial oxygen 
saturation (Sao 2 ), arterial biood gases, work of breathing, 
development of hemodynamic instability or altered men¬ 
tal status, and failure to tolerate the device. Each monitor 
device should have alarm limits set by an experienced 
respiratory therapist. 

Often, NPPV is used for stable patients with respiratory 
dysfunction as a clinical benefit. A hospital ward, sleep 
laboratory, or step-down unit is an appropriate setting for 
NPPV in this capacity. A pulse oximeter alone may be suf¬ 
ficient monitoring provided the child is clinically stable 
and not likely to decompensate in the event of equipment 
failure or removal of the interface. Novel monitoring of 
compliance, leak, and selected physiological variables is 
available through software integrated into modern bilevel 
devices. In one observational study, this type of monitor- 
ing provided helpful information for the clinician in re- 
gard to respiratory events but was prone to artifacts; hence 
the need for independent validation. 62 

Intermittent NPPV can be accomplished safely at home 
without any patient or ventilator monitors. However, chil¬ 
dren with stable long-term disorders treated with NPPV in 
the home setting have frequent episodes of hypercarbia in 
the absence of hypoxemia. 63 In children with these hyper- 
carbic episodes, daytime capillary arterialized carbon diox¬ 
ide levels were normal in nearly all of them. Thus routine 
continuous carbon dioxide monitoring is advised for chil¬ 
dren at risk for hypoventilation and treated with NPPV. 
This is often a challenge with NPPV because of dilution of 
exhaled carbon dioxide by the continuous flow present be- 
tween the nasal opening and mask interface. An alternate 
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to nasal sampling devices is the recent introduction of ear 
C0 2 monitoring systems, but these have not been ade- 
quately studied in children in the ambulatory setting. 

COMPLICATIONS AND 
CONTRAINDICATIONS TO NPPV 

Complications 

Pediatric patients are at relatively higher risk for complica¬ 
tions to NPPV as a result of unique physiological differ¬ 
ences from adults (Table 16-2). Because NPPV is often used 
in the long-term treatment of young children, it may well 
affect the postnatal growth of the mid-face and jawbone. 
Long-term NPPV use is associated with a facial flattening in 
a majority of children and retraction of the mandible in 
some. 64 An important confounding issue is whether or not 
children at risk for mid-facial hypoplasia are more likely to 
be treated with NPPV and whether the disorders them¬ 
selves promote abnormal facial growth versus the effects of 
the mask interface per se. Whatever the mechanism, this is 
an important cosmetic consideration and should be shared 
with the caregivers of children in advance of a course of 
long-term NPPV. A fatal complication of NPPV has been 
reported in an adult patient who died from hypoventila- 
tion and failure of the battery pack device. 65 

Approximately half of children experience one or more 
minor complications of NPPV. The most common minor 
complication reported is skin irritation as a result of the 
nasal mask (48%), leading to skin necrosis in up to 8%. 64 
Other minor but important side effects of NPPV in chil¬ 
dren include nasal dryness or discomfort, epistaxis, and 
eye irritation. One study found that prolonged use of 
maintenance steroids was an additional risk factor for de- 
velopment of skin ulcers during NPPV. 66 Epistaxis can be 
prevented by humidification, whereas conjunctival irrita¬ 
tion may be prevented by selection of appropriate-sized 
nasal mask. 

Contraindications 

The only absolute contraindication to a trial of NPPV 
in pediatric patients with acute respiratory distress is 


cardiovascular instability. Relative contraindications in¬ 
clude nasopharyngeal obstruction, massive hemoptysis, 
poor clearance of or profuse oral secretions, and extreme 
agitation or anxiety. 

FUTURE OF NONINVASIVE 
VENTILATION IN PEDIATRICS 

A major impediment to the future of NPPV in infants and 
children is the reluctance of companies that manufacture 
bilevel ventilators to seek FDA approval of their devices for 
pediatric patients. This is primarily because of the cost of 
FDA approval and the relatively low volume of units ex- 
pected to be sold in the pediatric market. The result is that 
clinicians who care for children with chronic hypoventila- 
tion disorders and who are attracted to NPPV as an alter¬ 
native to invasive tracheostomy with positive pressure 
ventilation become involved in funding disputes and legal 
conflicts with companies that dispense durable medical 
equipment. 

Despite these constraints, the future for NPPV in 
pediatric patients is promising. Smaller interfaces and 
flow-triggered, pressure-targeted units suitable for small 
children are appearing for home use. Modern bilevel units 
already can achieve target inspiratory pressures of 30 cm 
H 2 0 and are equipped with independent oxygen adjust- 
ment settings. These units also come with a maximal inspi¬ 
ratory time setting so as to prevent prolonged inflations in 
the presence of uncompensated leaks. Proportion assist 
ventilation, a method of assisted ventilation that is respon- 
sive to the resistive and elastic properties of the respiratory 
system, can be administered by means of a nasal mask. 
This method of assisted ventilation is well beyond prelimi- 
nary trials in adults and may have significant advantages 
over NPPV with current bilevel devices. At present, NPPV 
treatment should be restricted to carefully selected chil¬ 
dren and only in centers equipped with the appropriate 
equipment and experienced personnel. Randomized trials 
comparing early NPPV versus standard treatment in well- 
characterized patient populations are needed to clearly 
define the role of NPPV in children. 


TABLE 16-2 


Factors Unique to Pediatric Patients That Promote 
Complications of NPPV 


Complication Factor Unique to Children 


Aspiration 

Immaturity of airway protective reflexes 

Reflux 

Impaired gastroesophageal sphincter function 
during infancy 

Upper airway 

Anatomical factors, difficulty clearing secretions 

obstruction 

Large oral 

Tendency to mouth breathe 

leak 

Agitation 

Anxiety, incomplete understanding, develop- 
mental disorders 


CLINICAL HIGHLIGHT 


CS is an 11-year-old giri with advanced cystic fibrosis lung 
disease and CF-associated diabetes. She was hospitalized 
four times in the past year for treatment of pulmonary exac- 
erbations with systemic broad-spectrum antibiotics, chest 
physiotherapy, inhaled hypertonic saline, and inhaled Colistin. 
CS’s sputum is infected with pan-resistant Burkholderia 
cepacia, and despite the hospitalizations her FEV, has de- 
creased over time to 20% of predicted. Her Sao 2 in room air 
is 85% but increases to 95% with 2 Ipm nasal cannula oxygen. 
A recent echocardiogram showed moderate pulmonary 
artery hypertension with enlargement of the right ventricle. 
CS was referred to a regional center for evaluation for lung 
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transplant. Howøvør, shø was not listød for transplant and 
askød to røturn for røøvaluation in 6 months. In thø interim, 
CS døvølopød morning høadachøs. A capillary biood gas in 
room air showød a pH of 7.41, Pacc >2 of 53 torr, and Pac> 2 of 
74 torr. Bøcausø of thø høadachøs, pulmonary hypørtønsion, 
and hybørcarbia, CS was offørød nocturnal NPPV as a bridgø 
thørapy during thø transplant øvaluation pøriod. Shø prø- 
førrød a facø mask intørfacø and was trøatød with a prøssurø- 
targøtød biløvøl døvicø adjustød to thø spontanøous/timød 
modø, a backup ratø of 12 brøaths pør minutø, IPAP of 
14 cm, EPAP of 8 cm, and Fic >2 of 0.21. Aftør a føw months 
of NPPV thø patiønt’s morning høadachøs cløarød, hør pul¬ 
monary artøry prøssurø as østimatød by øchocardiogram 
stabilizød, and hør body mass indøx røachød a platøau. Thø 
plan is to continuø nocturnal NPPV pønding øvaluation for 
lung transplantation. 



Adoløscønt with advancød cystic fibrosis lung disøasø trøatød 
with facø mask NPPV. 


j] KEY POINTS 

• NPPV is a noninvasive mode of respiratory assistance 
administered by an external interface device for the 
purposes of improving alveolar ventilation and oxygen- 
ation, decreasing the spontaneous work of breathing, 
and relieving respiratory distress. 

• In contrast to CPAP, NPPV in most applications will 
raise the child’s tidal volume and hence increase CO 2 
elimination. 

• Various respiratory disorders of childhood may be 
treated with NPPV, but the available evidence best 
supports NPPV use in some forms of acute respiratory 
distress and long-term for treatment of chronic restric- 
tive disorders. 

• NPPV is less effective in children with cardiopulmonary 
instability and severe lung injury such as evolving 
ARDS. Its use in children with acute asthma, while 
promising, is not supported by clinical studies. 

• In bilevel pressure devices suitable for use with NPPV, 
the inspiratory pressure support feature is triggered 
when the child makes a spontaneous respiratory effort 
and can therefore decrease the work of breathing. 


• The tidal volume attained during NPPV is positively 
correlated with the pressure gradient between the 
IPAP and EPAP settings. 

• The optimal interface for NPPV in most children is a 
soft nasal mask that fits snugly over the child’s nose 
and does not require undue tension on the attachment 
straps to remain in place. 

• The most common complication of NPPV in children 
is skin irritation at the interface margins, but serious 
life-threatening complications have also been 
reported. 


^ ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. An absolute contraindication to a trial of NPPV in a 
child with respiratory distress is: 

A. Status asthmaticus 

B. Absence ofa nasogastric tube to ventilate the 
stomach 

C. Cardiovascular instability 

D. Tracheoesophageal fistula 

2. True or false: 

The required level of monitoring for a child with long- 
term respiratory failure treated with nocturnal 
NPPV in the ambulatory setting as a probable 
clinical benefit should include a cardiorespiratory 
monitor and pulse oximeter. 

3. The following pediatric respiratory disorders may be 
treated with a trial of NPPV in the acute setting except: 

A. ARDS with sepsis 

B. Bronchiolitis 

C. Acute exacerbation of cystic fibrosis lung disease 

D. Pneumonia in a child with muscular dystrophy 

4. True or false: 

Current evidence supports a trial of NPPV to prevent 
endotracheal intubation and invasive mechanical 
ventilation in children with acute respiratory 
distress. 

5. You are called by the floor nurse to evaluate a child 
with cerebral palsy and pneumonia treated with NPPV 
who is agitated. The child’s heart rate is elevated and 
he is moving around the bed. The best response in this 
situation is to: 

A. Reassure the nurse and the child’s parents that 
NPPV takes some time to get used to and simply 
observe the child over time. 

B. Notify the attending physician that the child is not 
tolerating NPPV and needs to be sedated so that 
the NPPV can be effective. 

C. Do a complete respiratory examination paying 
attention to the child’s work of breathing and vital 
signs before and after application of NPPV 

D. Replace the nasal mask interface with a full face 
mask interface that covers the mouth and nose so 
as to prevent oral leak. 
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LEARNING OBJECTIVES 


After readiag this chapter the reader will be able to: 

1. Explain when mechanical ventilation is indicated in 
neonates and pediatrics 

2. Describe the basic fundamentals for managing patients 
undergoing mechanical ventilation 


3. Identify complications associated with mechanical 
ventilation 

4. Explain various approaches for minimizing complications 
with ventilators 
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5. Compare differences in operation between pressure, 
volume, and adaptive control breathe types 

6. Provide reasons why one mode of ventilation would 
be chosen over another for certain conditions 

7. Determine initial ventilator settings for various patient 
sizes 

8. Recognize factors that could improve interaction 
between the patient and the mechanical ventilator 

9. Define and discuss various weaning strategies 
1 0. Define high-frequency ventilation 


11. Describe how gas is delivered and exhaled during 
high-frequency jet ventilation 

12. Describe how gas is delivered and exhaled during 
high-frequency oscillatory ventilation 

13. Describe the relative role frequency and tidal volume 
play during high-frequency ventilation 

14. Explain the relationship between I ung volume and 
oxygenation during high-frequency ventilation 

1 5. Identify lung volume strategies for a given 
pathophysiology 


KEY TERMS 


Adaptive control ventilation 
Adaptive pressure ventilation 
Assist/control ventilation 
Atelectrauma 
Barotrauma 
Control ventilation 


High-frequency jet ventilation 
High-frequency oscillatory 
ventilation 

High-frequency percussive 
ventilation 

High-frequency ventilation 


Low-frequency ventilation 
Pressure control ventilation 
Pressure support ventilation 
Trigger 

Volume ventilation 
Volutrauma 


INTRODUCTION 

Neonatal and pediatric mechanical ventilation presents some 
of the most clinically challenging situations in respiratory 
care. The neonatal and pediatric population encompasses a 
broad range of weights, ages, sizes, and diseases; therefore, 
ventilator practices can vary widely. In this chapter a neonate 
is defined as any newborn infant younger than 44 weeks of 
gestation and a pediatric patient represents any child older than 
1 month of age. We also identify low-frequency ventilation 
(LFV) as ventilation modes that provide breaths per minute 
of ISO or less and high-frequency ventilation (HFV) as 
modes of ventilation that provide breaths per minute of more 
than 150. Some use the term conventional ventilation to gener¬ 
ally describe all modes of ventilation that do not provide rates 
above 150, leaving clinicians to believe that HFV modes are 
nonconventional or nontraditional. The authors do not sup¬ 
port this concept and believe that all invasive modes provided 
in this chapter are routinely used in the neonatal and pediat¬ 
ric respiratory care environment. 

Children are not small adults, and infants are not small 
children. 1 Most of the concepts presented in this chapter 
are the same for both pediatric and neonatal applications; 
however, there are other situations that are quite unique to 
the neonatal or pediatric patient. Like the similarities and 
differences in neonatal and pediatric populations, low- 
and high-frequency ventilation share some of the same. 
Where there are differences, for simplicity we will label 
them as low- or high-frequency ventilation. Piease pay 
careful attention to the section headings as you read. 

At present, there is no consensus regarding optimal ven¬ 
tilator strategies for this patient population. A tremendous 
amount of research still needs to be done to determine best 
practices for managing neonatal and pediatric patients re- 
ceiving mechanical ventilation. To manage neonatal and 
pediatric mechanical ventilation effectively, the clinician 
must combine the principles described in this chapter with 


the knowledge of how airway anatomy and pulmonary 
pathophysiology are impacted by various diseases. It is 
beyond the scope of this chapter to provide an in-depth 
review of ventilator equipment or guidelines for disease- 
specific ventilator management. These aspects are more 
than adequately covered elsewhere in this book or by your 
ventilator manufacturer’s website resources for clinicians. 

We have witnessed the development and implementa- 
tion of several exciting modalities for the respiratory care 
of newborns and pediatric patients. These new tools range 
from enhancements in the pharmacological management 
of distinet cardiopulmonary disorders to tremendous 
strides in mechanical ventilation (MV). Critical to the suc- 
cessful application of these new treatments is the develop¬ 
ment of disease-specific strategies, which also include ways 
in which some therapies may positively interact with others. 
Low- and high-frequency ventilation continues to play an 
important role in this growth.- ' 

The link between mechanical ventilation, oxygen, and 
subsequent acute and chronic lung disease was made in 
both pediatric and adult patients shortly after the intro- 
duction of LFV into clinical practice. 6, More recent trials 
indicate that ventilating patients with acute respiratory 
distress syndrome with higher tidal volumes contributes 
to further lung damage. 8,9 The various techniques of HFV 
emerged later from efforts to develop methods of manag¬ 
ing respiratory failure that would minimize the negative 
pulmonary consequences of ventilatory support. At that 
time, our understanding of the mechanisms of these inju¬ 
ries was limited to the observed interactions between oxy¬ 
gen, pressure, and time. 10 This gap in the fundamental 
understanding of concepts of ventilator-induced lung 
injury explains both the early controversies regarding HFV 
strategies and the conflicting clinical reports. 11,12 The find- 
ing, at least in animal models, that a lung-protective venti¬ 
lator strategy is possible helped spawn a growing body of 
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data describing lung injury mechanisms, and, therefore, 
prevention techniques. 15 These remain the focus of ongo- 
ing research and commentary. 14,15 

This chapter reviews (1) basic concepts of LFV and HFV, 
(2) current understanding of mechanisms of gas exchange 
for LFV and HFV, (3) basic approaches of each mode of ven¬ 
tilation, (4) basic disease-specific strategies, and (5) special 
patient care considerations. This chapter also introduces 
the emerging understanding of the interaction between 
modes of ventilation, monitoring, and strategies. 

INDICATIONS FOR MECHANICAL 
VENTILATION 

General and Physiological 

The physiological objectives for mechanical ventilation in 
a neonatal or pediatric patient are as follows: 

To manipulate alveolar ventilation 
• To improve oxygenation 
To optimize lung volume 


• To reduce the work of breathing 

• To minimize risks associated with ventilator-induced 
lung injury 

In general, mechanical ventilation is initiated to in- 
crease oxygenation, correct respiratory acidosis, reduce 
respiratory distress, prevent or reverse atelectasis, reduce 
respiratory muscle fatigue, manage intracranial pressure, 
lower oxygen consumption, and stabilize the chest wall for 
adequate lung expansion. Box 17-1 lists clinical situations 
in which mechanical ventilation is indicated. 1,16 

High-Frequency Ventilation 
Neonatal Patients 

The bulk of clinical data regarding appropriate application 
of HFV devices has been acquired from neonatal humans 
and animals. From these studies, two clear indications for 
HFV use during either routine or rescue circumstances 
have evolved. They include diffuse, homogeneous lung 
disease (or the atelectasis-prone lung), in which LFV manage¬ 
ment is failing or may lead to increased risk of pulmonary 


Box 17-1 


Clinical Indications for (but Not Limited to) Mechanical Ventilation 


PULMONARY DISORDERS 
Restrictive Process 

• Respiratory distress syndrome 

• Acute respiratory distress syndrome 

• Pulmonary hemorrhage 

• Pulmonary hypoplasia/agenesis 

• Congenital pneumonia 

• Pneumothorax/air leaks 

• Pleural effusion/chylothorax 

• Aspiration syndromes (biood, amniotic fluid) 

• Flail chest 

• Bronchopleural fistula 

• Abdominal distention 

• Diaphragmatic hernia 

• Congenital lung cysts, tumors 

• Rib cage anomalies 

• Extrinsic masses 
Obstructive Process 

• Meconium aspiration 

• Congenital lobar emphysema 

• Asthma 

• Bronchiolitis 

• Cystic fibrosis 

• Bronchopulmonary dysplasia 
Airway 

• Laryngomalacia 

• Tracheomalacia 

• Choanal atresia 

• Pierre Robin syndrome 

• Micrognathia 

• Nasopharyngeal tumor 

• Subglottic stenosis 


EXTRAPULMONARY DISORDERS 
Neurological/Muscular 

• Myasthenia gravis 

• Muscular dystrophy 

• Guillain-Barré syndrome 

• Cerebral edema 

• Cerebral hemorrhage 

• Spinal cord injury/disease 

• Phrenic nerve damage 
Hypoventilation 

• Sleep apnea 

• Overdose/poisoning 

• Postoperative recovery 
Increased Intracranial Pressure 

• Infection 

• Head trauma 

• Near-drowning 

• Reye’s syndrome 
Cardiovascular Dysfunction 

• Cardiac shunting 

• Cyanotic heart disease 

• Circulatory collapse 

• Hypovolemia 

• Anemia 

• Polycythemia 

• Congestive heart failure 

• Postoperative cardiac surgery 

• Persistent pulmonary hypertension 
Metabolic 

• Acidosis 

• Hypoglycemia 

• Hypothermia 

• Hyperthermia 
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morbidity, and existing pulmonary air leak syndromes (e.g., 
pneumothorax and pulmonary interstitial emphysema 
(PIE). Diffuse homogeneous lung disease includes natural 
surfactant deficiency (respiratory distress syndrome), shock 
lung in the newborn, and diffuse pneumonia. Other diagno¬ 
ses, including congenital pulmonary hypoplasia (both the 
congenital diffuse variety and that associated with congeni¬ 
tal diaphragmatic hernia), may be additional indications. 
The efficacy of HFV for pulmonary hypoplasia is promising 
but not yet clearly established. 17 

Each of the lung diseases just mentioned has been success- 
fully managed with extracorporeal membrane oxygenation 
(ECMO). 18 The role of pre-ECMO HFV has been the subject 
of wide debate, with at least one published report describing 
a 50% reduction in the need for ECMO among infants re- 
ferred to an ECMO center and who met ECMO criteria 
and began high-frequency oscillatory ventilation (HFOV) on 
admission. 19 However, there are also data that imply an in- 
creased risk of pulmonary morbidity among infants avoiding 
ECMO with HFV. The timing of HFV intervention, the pa¬ 
rameters determining HFV failure, and the decision to dis- 
continue HFV and initiate ECMO are currently empirical. 20 

HFV continues to be indicated for infants in whom air 
leak syndromes develop, but, gratefully, the incidence of in- 
tractable air leak has decreased. This is probably the result of 
surfactant use, improved ventilatory techniques and devices, 
and better patient monitoring. Other conditions common to 
the neonate but not clearly benefited by HFV include par- 
ticulate meconium aspiration, congenital lobar emphysema, 
bronchopulmonary dysplasia, and viral pneumonia. Further 
data from controlled trials with defined patient populations 
and treatment strategies are needed to offer clearer recom- 
mendations about HFV use in these conditions. 

Pediatric Patients 

Controlled trials in pediatric patients have been fairly lim- 
ited. 2; However, as would be anticipated, proper strategic 
HFV use has had positive results in children with acute re¬ 
spiratory distress syndrome (ARDS) and pulmonary air 
leak. In general, HFOV is applied as a rescue therapy in 
those failing LFV. An additional interesting HFV applica- 
tion is high-frequency jet ventilation (HFJV) use during and 


after cardiac surgery, especially for children undergoing 
right ventricular outflow tract diversion or repair. At least 
two groups of investigators have reported improved hemo- 
dynamic measurements in children managed with the HFJV 
in both intraoperative and postoperative environments. 22,23 
The ability to provide adequate ventilation with low mean 
and peak pressures in children with otherwise normal lungs 
offers a substantial advantage of HFJV over HFOV and LFV. 
Furthermore, this feature makes HFJV a more efficacious 
method of treating traumatic or acquired bronchopleural 
fistulas than other forms of respiratory support. 

TYPES OF MECHANICAL 
VENTILATION 

Mechanical ventilator breath types have traditionally been 
classified by the type of mechanical ventilator being used 
but can now be employed in a variety of ways, which are 
defined mainly by the control variable. 24 The two most 
common breath types are pressure and volume. Figure 17-1 
compares the differences between the flow and pressure 
waveforms of volume and pressure ventilation. Modern 
microprocessor ventilators incorporate gas delivery sys¬ 
tems that can produce a wide variety of flow and pressure 
waveforms and are capable of delivering volume and 
pressure ventilation as well as hybrid modes that combine 
various aspects of volume and pressure. 

Another determinate is the breath frequency of the me¬ 
chanical ventilator. Traditionally the type of ventilator 
must change to provide HFV. However, currently all high- 
frequency ventilators provide pressure-type breath, so we 
will discuss this further in the pressure mode of ventila¬ 
tion section of this chapter. 

Pressure Ventilation 

Pressure ventilation uses a pressure setting as the main 
feature to define inflation. Pressure ventilators are classi¬ 
fied as positive pressure or negative pressure. 24 Positive- 
pressure ventilators use a high external pressure gradient 
to drive a gas mixture into the lungs and produce inflation. 

Negative-pressure ventilation permits gas flow into the 
lungs by using a vacuum to externally expand the thorax. 



FIGURE 17-1 Flow and pressure waveforms of four types of ventilation. 
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The chest wall pressure drops, thereby creating a decrease 
in pleural pressure that is less than the airway opening 
pressure, and air flows into the lungs. The main advantage 
of a negative-pressure ventilator is that it may avoid endotra- 
cheal intubation or tracheotomy. Because negative-pressure 
ventilation is provided without an artificial airway, it is some- 
times referred to as noninvasive ventilation; however, it should 
be understood that all forms of mechanical ventilation pro- 
vide ventilation in an “unnatural” form. In addition, both 
positive- and negative-pressure ventilation produce positive 
transpulmonary pressures and may have similar complica- 
tions as a result. 

Microprocessor ventilators are also capable of delivering 
preset pressure breaths and are useful for neonate and pedi¬ 
atric ventilation. This form of pressure ventilation is called 
pressure-controlled ventilation (PCV). Usually a preset pres¬ 
sure level, inspiratory time, and frequency are chosen by the 
operator. Flow, however, is variable and is a function of driv- 
ing pressure and peaks almost instantly to attain the defined 
pressure level. Constant pressure is maintained throughout 
the inspiratory time, and flow decelerates rapidly. 25,26 How¬ 
ever, the total flow delivered to the respiratory system is regu- 
lated by the ventilator to ensure that pressure is maintained 
throughout the entire inspiratory time. The majority of the 
tidal volume is delivered early in the inflation stage, while 
pressure is held constant. Compared with other types of ven¬ 
tilation, the resulting distribution of alveolar pressures sus- 
tained by tidal volume may lead to a lower dead space- 
to-tidal volume (V D /V X ) ratio, improved ventilation, and 
improved oxygenation. 27,28 PCV can offer lower work of 
breathing and improved comfort for patients with increased 


and variable respiratory demand. 2 ' 1 Although the peak pres¬ 
sure level is constant or nearly constant, PCV results in a 
higher mean airway pressure (Paw) than do other types of 
ventilation. The disadvantages or advantages of a higher 
Paw should be considered when instituting PCV. Another 
disadvantage when using any type of pressure ventilation is 
that tidal volume will vary with changes in lung compliance 
and constant alveolar minute ventilation may be difficult to 
obtain. 

High-Frequency Ventilation 

High-frequency ventilation is a general term used to describe 
mechanical ventilation using tidal volumes less than or 
equal to the dead space volume and delivered at supra- 
physiological rates. Tidal volume, dead space volume, and 
breathing rate magnitude vary with patient age and size 
(tidal and dead space volumes vary inversely with increas- 
ing age, whereas breathing rate varies directly). The U.S. 
Food and Drug Administration (FDA) has chosen to 
define HFV devices as those that provide breathing rates 
exceeding 150 breaths per minute. These ventilators oper¬ 
ate at breathing rates of 4 to 15 Hz (1 Hz = 60 breaths per 
minute or 1 cycle per second) and deliver the requisite 
small tidal volumes. HFV discussion is limited to those 
devices currently cleared by the FDA for use in neonates 
and/or pediatric patients. Several types of HFV devices 
have been tested and reported in the literature. They differ 
functionally by the way each breath is generated, their re- 
lationship to conventional ventilator settings (if any), the 
range of breathing rates, and the nature of the expiratory 
portion of the respiratory cycle. Figure 17-2 compares 




FIGURE 17-2 High-frequency oscillatory ventilation and high-frequency jet ventilation. A, Pressure 
time waveform of HFOV and HFJV with LFV in the background for comparison. B, Pressure time 
waveform of HFPV. Settings on HFPV are clearly labeled. 
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pressure waveforms of each of the high-frequency ventila¬ 
tion modes. 

Mid-Frequency Positive Pressure Ventilation. Mid- 
frequency positive pressure ventilation (MFPV) is a modi- 
fication of time-cycled, pressure-limited infant ventilators 
that provides breathing rates up to 150 breaths per minute 
(2.5 Hz). J Typically rates are between 60 and 150. The 
limitations of this approach include larger delivered tidal 
volumes than with HFV and the potential for intrapulmo- 
nary gas trapping. High-frequency positive-pressure venti¬ 
lation (HFPPV) was first described in the anesthesia litera- 
ture as a tool for managing patients during bronchoscopic 
or laryngeal surgery. 31 HFPPV subsequently received brief 
exposure as a management tool for more chronic condi- 
tions in adults and underwent brief trials in a small series 
of infants with respiratory distress. 32,33 These definitions 
are included here for completeness only because the use 
of FDA-approved HFV devices has generally replaced the 
routine use of these techniques in infants. 

High-Frequency Percussive Ventilation. High-frequency 
percussive ventilation (HFPV) delivers short bursts of 
gas to a sliding Venturi valve. The burst may entrain air 
to deliver high-frequency distending pressure at peak inspi- 
ratory pressure (PIP) and positive end-expiratory pressure 
(PEEP). High-frequency breaths are active at both levels 
of pressure. Decreased compliance equals increased resis- 
tance and decreased movement of the valve. The most 
common models require a minimum number of low- 
frequency, time-cycled, pressure-limited breaths to oper¬ 
ate. HFPV generates a Paw by stacking high speed bursts 
in combination with flow and expiratory system resistance 
instead of a common exhalation valve on most ventilators. 
The Paw builds filling the lung while maintaining HFV. 
The lack of an exhalation valve makes the actively created 
to maintain pressurization. Percussive ventilators are pneu- 
matically powered and controlled; batteries or electricity 
are used for monitoring systems. Pneumatic cartridges 
time-cycle pressure-limited breaths that build in pressure 
over time, filling the lung as pressurization occurs in con- 
junction with high-frequency breaths. 

High-Frequency Jet Ventilation. High-frequency jet 
ventilation devices deliver short-pulsed jets distal to the 
proximal end of the endotracheal tube (ETT). Functional 
tidal volumes are a combination of the jet breath and en- 
trainment volumes that are “dragged” along with each jet. 
Original techniques using a modified triple-lumen ETT 
and those employing catheters placed in a standard ETT 
have been described. 34,35 Modern adaptations use a special 
connector (Figure 17-3) that replaces the ETT adapter to 
allow the combination of the HFJV and LFV. These devices 
combine LFV breaths with jet breaths and rely on passive 
chest recoil for gas egress. Baseline pressures are provided 
by continuous flow from the LFV. Tandem use with an 
LFV is usually required dependent of the ventilation strat¬ 
egies applied. The short time for pulse delivery generally 
results in longer I:E times with HFJV. 



FIGURE 17-3 LifePort ETT adapter. Jet pulses are delivered 
through the side lumen ofthe ETT, and servocontrol over jet pres¬ 
sures is maintained by feedback from pressures sampled at the 
distal ETT lumen. Connection to a conventional ventilator is pro¬ 
vided at the proximal E I I opening. This ETT adapter is made 
specifically for use with this device. (Courtesy Bunnell Inc., Salt 
Lake City, Utah.) 


High-Frequency Oscillatory Ventilation. Of all HFV 
techniques, high-frequency oscillatory ventilation de¬ 
vices may be the most variable. Initial techniques included 
loudspeakers whose output was attached to the ETT and a 
host of piston pump devices with various performance 
characteristics. 36 ' 39 Common to all of these devices is the 
provision of extremely small tidal volumes and very high 
rates of 8 to 30 Hz, as well as the presence of a continuous 
distending pressure (CDP) or mean airway pressure Paw. 
The outward flow of expiratory gases is enhanced by the 
active exhalation phase of the piston cycle. This last fea¬ 
ture distinguishes HFOV from all other HFV methods. All 
current devices use a standard ETT, allow precise control 
over Paw and pressure amplitude, and in general are not 
used in tandem with conventional ventilators. The ability 
to accurately adjust continuous (or mean) and phasic pres¬ 
sures and the inspiratory-to-expiratory (I/E) ratio varies 
among devices. Ventilator output is delivered to the proxi¬ 
mal ETT (at the ETT circuit connection). Because the ETT 
behaves as a low-pass filter at these rapid breathing rates, 
pulmonary structures experience markedly dampened 
phasic pressures. 

Volume Ventilation 

Volume control ventilation (VCV) is most often used in 
adult patients and is chosen when ventilating a pediatric 
patient. Adult volume-cycled ventilators were used initially 
in newborn intensive care in the early 1970s and feil from 
favor with the invention of pressure-controlled ventilators 
that were designed specifically for use in neonates. Because 
of improved sensor and ventilator technology, it is now 
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possible to use volume ventilation in all patients. 40 A con- 
stant tidal volume and flow rate characterize volume ven¬ 
tilation, and the resulting peak inspiratory pressure varies 
with changes in respiratory system compliance and resis- 
tance. When a flow-controlling valve is used, tidal volume 
is calculated by measuring the flow delivered over a preset 
inflation time. 41 

VCV with a constant flow has the advantage of a lower 
Paw compared with pressure ventilation. This is often a 
critical factor after cardiac surgery in infants and children. 
Many currently available ventilators offer the option of 
delivering this constant flow with either a traditional 
square-wave flow pattern or a 50% decelerating flow pat¬ 
tern in VCV. In theory, tidal volume does not vary with 
changing lung compliance or airway resistance during vol¬ 
ume ventilation. As lung impedance increases, however, 
tidal volume may decrease if the ventilator cannot correct 
for volume losses resulting from gas compression in the 
patient circuit. Delivered tidal volume may also be affected 
by leaks from cuffless endotracheal tubes, which are com- 
monly used during neonatal mechanical ventilation. When 
ventilating a larger patient, the volume loss may be negli- 
gible; however, in a small child or infant it may be a sig- 
nificant portion of the delivered tidal volume. Failure to 
consider this volume loss may result in hypoventilation 
and hypercapnia of the patient. The compressed volume 
can also affect the calculations of respiratory compliance, 
oxygen consumption, carbon dioxide production, and 
dead Space volume. 42 To account for this loss, an effective 
tidal volume should be calculated (Box 17-2). 43 Newer gen¬ 
eration ventilators that utilize internal transducers calculate 
tubing compliance during pre-use checks. A piston-driven 
volume ventilator also delivers a constant volume with a 
variable peak pressure. Because of the piston action, flow 


Box 17-2 


V. 


Teff 


Calculation of Effective Tidal Volume 

= Vp — [(Pstatic* * — PEEP) X Circuit] 


DETERMINATION OF COMPLIANCE FACTOR OF 
CIRCUIT 

1. With the circuit assembled and connected to the ventila¬ 
tor, the patient connection to the circuit is occluded. 

2. A known volume of gas is delivered into the circuit 
through the ventilator, and the resulting peak inspiratory 
pressure is noted. 

3. The resulting pressure is divided by the delivered volume 
to obtain the compliance factor of the circuit. This is gen¬ 
erally 1 ml/cm H 2 0 for infant circuits and 2 to 3 ml/cm 
H 2 0 for larger circuits. 

V Tc jf, Effective tidal volume; V Tseh tidal volume set on ventilator; 
Pstatic, static (plateau) pressute measured during inflation; PEEP, 
positive end-expiratory pressure set on ventilator; circuit, compliance 
or compression factor of circuit. 

*If static or plateau pressure measurement cannot be obtained 
because of airway leaks, the peak inspiratory pressure may be used as 
an approximation. 


peaks in the middle of the inflation when stroke speed is 
the greatest. Although piston ventilators are seldom used 
in the pediatric critical care setting, they become an inex- 
pensive and practical choice for the nonacute care or home 
setting. 

Many home ventilators also allow the use of pressure 
limitation by setting a desired maximal pressure level. 
Using this feature decreases tidal volume from the volume 
set on the ventilator, but exactly how it affects volume 
depends on the specific ventilator and inflation time 
settings. A piston-generated pressure preset mode is not 
appropriate for the pediatric or infant home setting. Using 
a microprocessor-based turbine-driven portable ventilator 
is a better home care choice in such a situation. 


CASE STUDY 1 


You are called to assist with a full-term neonate who was 
transferred to your facility for further evaluation. The patient 
is an infant of a diabetic mother who tested positive for 
group B streptococcus infection. He is 5 kg, has received one 
dose of surfactant, and has extremely low lung volumes on 
AP chest radiograph. The transport team has the infant on 
LFV, pressure Control, rate of 60, PIP of 38, PEEP of 8, and 
Fio 2 of 1.0. These ventilator settings are producing an Spo 2 of 
85%, with an admission biood gas of 7.2/65/66/23. What 
mode of ventilation would you suggest for this patient and 
why? 


See Evolve Resources for answers. 


Adaptive Ventilation 

Advances in ventilator sensors, response times, and micro¬ 
processor technologies have introduced new features into 
mechanical ventilators. Adaptive control or volume-targeted 
refers to a ventilation mode that allows the clinician to set 
a volume target while the ventilator delivers pressure- 
controlled breaths. 44 Although it is impossible to control 
two variables simultaneously (volume and pressure), this 
form of ventilation can be thought of simply as a pressure 
controller that servocontrols the pressure levels automati- 
cally in response to measurements of volume or compli¬ 
ance. These modes are commonly used in the neonatal and 
pediatric populations. These “hybrid modes” allow the 
comfort of pressure control with the maintenance of a tidal 
volume target by servocontrolling pressure on the basis of 
feedback obtained at the ventilator pneumotachometer. As 
lung compliance and airway resistance improve or worsen, 
the microprocessor will measure these changes and in- 
crease or decrease the pressure level on the basis of a 
breath-to-breath analysis, a multiple-breath average, or 
within-breath measurement. Some of these modes use 
more than one flow control signal at the flow valve and may 
switch from PCV to VCV within a single breath to establish 
a minimal tidal volume goal. These modes can provide the 
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patient with some of the best features of PCV and VCV. 
Adaptive-control modes can be effective at maintaining a 
more consistent tidal volume and hence alveolar minute 
ventilation in patients who are prone to abrupt changes in 
pulmonary compliance. 

Limited data exist concerning whether these modes 
are superior to traditional approaches to mechanical 
ventilation of humans. On the basis of these limited data, 
the future of these modes looks promising. A meta- 
analysis of trials comparing PCV with various volume- 
targeted modes in premature infants resulted in trends 
favoring volume targeting for reduction in duration of 
ventilation, rates of pneumothorax, severe intraventricu- 
lar hemorrhage, and (to a lesser degree) incidence of 
bronchopulmonary dysplasia. 45 These modes have also 
been shown to be effective in avoiding hypocapneic/ 
hypercapneic episodes in premature infants, in whom 
cerebral biood flow is impacted by small changes in 
carbon dioxide. 46 Future randomized controlled clinical 
trials are necessary to determine clinical significance in 
improving survival without complications in premature 
infants when using adaptive-control modes over other 
modes of ventilation. 


MODES OF MECHANICAL 
VENTILATION 

The mode of ventilation is defined by how a ventilator is 
going to interface with the patient’s breathing efforts. These 
modes can use pressure, flow, or other signals to trigger. The 
main control variables may be volume, pressure, or flow and 
may use either positive or negative pressure as the driving 
force. Most ventilators are capable of providing multiple 
modes, and some even combine modes to enhance the 
patient-ventilator interface. Figure 17-4 illustrates various 
modes of ventilation and how they interface with spontane- 
ous breathing. 

Low-Frequency Ventilation 
Control Mode 

The control mode is used when the clinician needs to main- 
tain complete control over a patient’s ventilation variables. 
To attain complete control, the patient-triggering mecha- 
nism is made inactive and all breaths are delivered at a 
preset volume or pressure, frequency, and inspiratory flow 
rate. 4 The patient should be sedated to apnea and/or para- 
lyzed to avoid asynchrony between ventilator inflations and 
patient breathing efforts. Control ventilation may be de- 
sirable when extreme ventilation variables are required, and 
asynchrony may result in complications such as pneumo¬ 
thorax but this is rare. 

Assist/Control Mode 

Like the control mode, the assist/control ventilation 

(A/C) mode allows the clinician control over most of 
the patient’s ventilation variables except for frequency. The 


Spont 


Cont 


A/C 


IMV 


SIMV 


PSV 


CPAP 



FIGURE 17-4 Pressu re waveforms of seven modes ofventilation. 
Single arrows denote spontaneous inspiratory efforts. Donble arrows 
denote ventilator breaths triggered by inspiratory efforts. Spont, 
Spontaneous breathing; Cont, controlled ventilation; A/C, assist/ 
control ventilation; IMV, intermittent mandatory ventilation; 
SIMV, synchronized intermittent mandatory ventilation; PSV, pressure 
support ventilation; CPAP, continuous positive airway pressure. 


volume or pressure, frequency, and inspiratory flow rate 
are preset, and the ventilator supports every breath. How- 
ever, the patient is allowed to use his or her own ventila- 
tory drive to trigger the ventilator and receive a breath at 
the preset volume or pressure. If the patient fails to take a 
breath during a specific period, the ventilator delivers the 
defined breath at a preset rate. Control and A/C are then 
defined as machine-triggered and patient-triggered con¬ 
tinuous mandatory ventilation. 48 Some ventilators have 
control and A/C as the same mode, with the sensitivity set- 
ting being the only difference. The sensitivity of the trig- 
gering mechanism is set sufficiently low to be activated by 
any attempted breath. The sensitivity must also be set suf¬ 
ficiently high to prevent activation (autocycling) by arti- 
facts such as cardiac activity, airway leaks, or patient care 
procedures. The A/C mode may be useful for older chil- 
dren or adolescents. It is being used more often in neo- 
nates and small children who are more susceptible to lung 
injury, especially when using volume and adaptive-control 
modes. The advantage of the A/C mode is that every 
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breath delivered to the patient, whether patient or ma- 
chine triggered, has a guaranteed volume or pressure. 
There are several disadvantages to this mode. In neonates, 
infants, or small children with high respiratory rates, hy¬ 
perventilation, hyperinflation, and respiratory alkalosis 
may occur. The work of breathing may be increased, espe- 
cially for patients who are not breathing in synchrony with 
the machine or who are “fighting the ventilator.” Sedating 
the patient may alleviate this. If the sensitivity of the trig- 
gering mechanism is not set adequately, the patient’s in- 
spiratory effort may be increased and result in an increase 
in oxygen consumption. 2 

Synchronized Intermittent Mandatory 
Ventilation 

Early models of mechanical ventilators primarily used in¬ 
termittent mandatory ventilation (IMV). With IMV the 
ventilator was incapable of sensing patient effort and 
would deliver mandatory breaths on top of spontaneous 
breaths. To avoid patient-ventilator asynchrony, a sensing 
mechanism is built into most modern ventilators. The 
ventilator presets a rate for the delivery of mandatory 
breaths (of preset volume or pressure and flow rate) and 
attempts to synchronize the breaths with the patient’s 
spontaneous effort. If no patient effort is sensed within a 
specific window of time, a mandatory breath is given. Air- 
way pressure or flow is the usual triggering mechanism for 
synchronized intermittent mandatory ventilation (SIMV). 
Small volumes and rapid rates characterize an infant’s 
spontaneous breathing effort, which makes synchronizing 
ventilator inflation difficult. With the latest advances in 
sensor technology, SIMV is now a feasible option in neo¬ 
nates and infants. 49 ' 51 Advantages of this mode are that it 
allows the patient to perform part of the ventilatory work 
while maintaining a backup of mandatory ventilation and 
that it is useful in weaning the patient from mechanical 
ventilation (Box 17-3). Hyperventilation and respiratory 
alkalosis are risks just as with the A/C mode, but they are 


less likely to occur. Another risk associated with SIMV is 
increased work of breathing during spontaneous ventilation. 
This may be the result of inadequate inspiratory flow, venti¬ 
lator response to the patient’s inspiratory effort, ventilator 
circuitry, or endotracheal tube resistance. 2 Today, most all 
mechanical ventilators will allow you to add a form of pres¬ 
sure support to augment the patient’s spontaneous breaths. 

Adaptive Control 

Pressure-Regulated Volume Control. Pressure-regulated 
volume control (PRVC) attempts to maintain a minimal tar- 
get tidal volume with a constant pressure by manipulating 
the flow waveform. The ventilator initially performs a test 
breath sequence, which measures dynamic or static system 
compliance. Subsequent adjustments in pressure or tidal 
volume are made on the basis of the previous breath or a 
historical average of breaths. Some ventilators initiate a 
“test breath” sequence during PRVC by implementing a brief 
inspiratory pause during a volume-controlled breath. The 
static pressure measured during the pause will be the pressure 
control level for the next breath. The following breaths will 
increase or decrease the pressure control level to try to achieve 
the set tidal volume with the lowest possible pressure. Within 
a few sequential breaths, the tidal volume goal may be 
reached. Certain conditions can restart the test breath 
sequence for optimal accuracy, including high-pressure 
limitation. Other modes that implement similar volume 
strategies as PRVC are volume support ventilation (VSV), 
Vsynch, VC plus, and auto-flow. Most new microprocessor 
ventilators can provide these modes within assist/control 
and synchronized intermittent mandatory ventilation. 

Machine Volume. Another form of adaptive-controlled 
ventilation in neonatal and pediatric mechanical ventila¬ 
tion is machine volume (MV), which uses an intrabreath 
pressure adjustment to target volume. This mode is fur- 
ther classified as auto-set-point control. Auto-set-point 
control is a more advanced version of an adaptive-control 
mode. The breath can start out as pressure controlled and 
automatically switch to volume controlled within the 
same breath.'’ 2 The ventilator flow control valve measures 
compliance every 2 milliseconds within the breath and can 
increase or decrease the pressure adjustment within this 
time by manipulating the flow rate if the delivered volume 
is not being met or if the patient requires more flow. The 
ventilator calculates a target flow rate on the basis of the 
minimal volume set at the ventilator and the inspiratory 
time. The breath begins as a PCV breath with a variable- 
decelerating flow signal and once the minimal tidal vol¬ 
ume has been met; the breath is terminated at the preset 
inspiratory time and ends as a PCV breath. If the minimal 
tidal volume goal has not been delivered, then the ventila¬ 
tor transitions from a decelerating flow to a continuous 
flow signal to reach the tidal volume goal within the preset 
inspiratory time. The high-pressure limit must be set ap- 
propriately to protect against high pressure. The operator 
can set a volume limit feature, which will terminate the 


Box 17-3 


Benefits of Synchronized 
Intermittent Mandatory Ventilation 


Better distribution of ventilation by coordinating air flow 
with respiratory muscle effort 

Improved oxygenation by reducing ventilation-perfusion 
mismatch 

Better tidal volume at the same positive inspiratory 
pressure 

Improved minute ventilation through the minimization of 
ineffective breaths 

Reduced incidence of pneumothorax 
Reduced incidence of intraventricular hemorrhage 
because of less variation in cerebral biood flow 
Decreased use of sedation and paralysis 
Reduced length of ventilation 
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breath once this preset volume is exceeded either at the 
proximal flow sensor or at the ventilator flow control valve. 
This mode is similar to VAPS and pressure augmentation 
but different in that the inspiratory time will not be in- 
creased in order to deliver the set tidal volume. The clini- 
cian must set an uncorrected minimal tidal volume when 
using this mode in neonates. This includes the volume of 
gas delivered to the patient as well as the volume of gas 
delivered to the ventilator circuit. 

Volume Guarantee. Volume guarantee (VG) is an- 
other form of adaptive-control ventilation that is used in 
one type of neonatal ventilator. The operator sets a tidal 
volume, inspiratory time, and flow rate. This mode can 
also be applied to pressure support ventilation. The venti¬ 
lator incorporates a proximal flow sensor at the patient 
airway. The microprocessor assesses an eight-breath his- 
torical average of expired tidal volume and will increase 
pressure on the basis of these measurements up to the 
pressure limit to deliver the target volume. If compliance 
or resistance improves dramatically, then the ventilator 
will terminate breath delivery if the delivered tidal volume 
exceeds 130% of the set tidal volume. Pressure will also 
wean as the result of improving compliance, based on the 
breath average. Because the ventilator makes manipula¬ 
tions on the basis of expiratory tidal volume, this mode 
can correct for compressible volume loss of inspired gases 
and small endotracheal tube leaks and is useful in the neo¬ 
natal population. The practitioner should be careful when 
using this mode with excessive endotracheal tube leaks. 
“In the presence of a substantial leak around the endotra¬ 
cheal tube, there are concerns that this system will falsely 
underestimate the actual tidal volume delivered to the 
lung and overcompensate the subsequent breaths with 
excessive tidal volumes.” 53 

Pressure Support Ventilation 

Continuous Positive Airway Pressure. While tradi- 
tionally not consider a mode of ventilation, continuous 
positive airway pressure (CPAP), also termed constant or 
continuous airway pressure, can facilitate ventilation by main- 
taining lung volumes and preventing airway collapse often 
seen in our younger patients. CPAP is a constant, above- 
ambient pressure applied to the airways and maintained 
through the entire respiratory cycle. 54 Respiratory efforts 
are spontaneous and not supported by mandatory ventila¬ 
tor inflations. 47 However, many ventilators provide a 
“backup” mode of ventilation that provides full support in 
the event that the patient becomes apneic. In the pediatric 
setting, CPAP is applied to improve oxygenation by in- 
creasing the functional residual capacity, as in aspiration 
pneumonitis, or to stent floppy anatomical structures, 
as in tracheomalacia or disorders associated with sleep 
apnea. 35,56 CPAP should be considered as a primary mode 
to improve lung compliance and oxygenation in spontane- 
ously breathing patients when the potential adverse effects 
of high peak airway pressures and volutrauma must be 


avoided. 55, 57-59 It is commonly used in intubated and 
tracheostomy patients when weaning from mechanical 
ventilation. High levels of CPAP may overdistend the lungs, 
increase the work of breathing, and reduce compliance. See 
Chapter 15 for a discussion on the most population use 
of CPAP. 

Pressure Support Ventilation. Pressure support ven¬ 
tilation (PSV) is a spontaneous ventilation mode in which 
each breath must be triggered by the patient. It incorpo¬ 
rates a constant pressure inflation that is triggered by the 
patient and terminated when inspiratory flow decays to a 
certain threshold (usually a percentage of peak flow). PSV 
improves the efficiency of inspiratory work of breathing, 
decreases the respiratory rate, reduces the oxygen cost of 
breathing, and is associated with faster weaning times. 60,61 
It may be associated with an improved sense of breathing 
comfort by the patient. 62,63 PSV is popularly used to aug- 
ment breaths in conjunction with SIMV or as a mode for 
weaning patients from mechanical ventilation. 64 Combin- 
ing PSV with SIMV may help reduce some of the work as¬ 
sociated with demand valves and small endotracheal tubes, 
but it may also increase Paw. Caution should be used in 
clinical situations in which increased Paw may be harmful. 
PSV is useful as a standalone mode or for weaning patients 
receiving short- and long-term mechanical ventilation. 
If the patient develops an endotracheal tube leak, the 
flow termination criteria may not be met, thereby creating 
a “breath hold.” Ventilators have been introduced that 
allow adjustment of the flow termination criteria, which 
may help alleviate this problem. Current ventilators 
have incorporated a preset or adjustable backup time 
termination setting that will cycle the breath into exhala- 
tion should a leak occur and the flow-cycling criteria are 
not met. 

Effective PSV can result in adequate tidal volume and 
minute ventilation at a lower respiratory rate. 5- Other 
modes that adapt PSV to meet tidal volume or minute 
volume criteria are also available. Such modes provide true 
pressure support inflation but then alter an inflation to 
meet a minimal tidal volume if not met during the PSV 
inflation. 47 

Adaptive Pressure Support Ventilation. 

Volume-Assured Pressure Support. Volume-assured pres¬ 
sure support (VAPS) uses pressure support ventilation 
while maintaining a minimal tidal volume with each breath. 
If the patient does not receive the minimal tidal volume 
during a breath, the flow rate is held constant and the pres¬ 
sure is increased until the volume is received. 47 This mode 
is useful in patients who have good respiratory effort but 
may rely on the ventilator to ensure a steady volume goal 
when pulmonary compliance and resistance are variable. 

Volume Support. Volume support (VS) is a spontaneous 
drive pressure support mode of ventilation (see pressure 
support section for more details); however, like volume 
guarantee or PRVC, it targets a tidal volume. By adjusting 
the PS level to achieve the tidal volume it can be used in 
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patients with changing compliance and effort. It incorpo- 
rates a constant pressure inflation that is triggered by the 
patient and terminated when inspiratory flow decays to a 
certain threshold (usually a percentage of peak flow). De- 
pending on the device, the mode of ventilation will look at 
the previous tidal volume or average of tidal volumes and 
adjust the pressure up or down in a predetermined algo- 
rithm in an effort to maintain the targeted tidal volume. 

Many clinicians maintain that constant pressure venti¬ 
lation is superior to other types of ventilation in neonates 
or pediatric patients who have leaks around a cuffless en- 
dotracheal tube. However, a leak around an endotracheal 
tube reduces ventilation during constant pressure ventila¬ 
tion just as it does with other types of ventilation. 66 

Neurally Adjusted Ventilatory Assist. Neurally ad- 
justed ventilatory assist allows the patient full neurological 
control of the triggering, magnitude, and timing of the 
mechanical support provided, regardless of changes in re- 
spiratory drive, mechanics, and muscle function. 67 Neurally 
adjusted ventilatory assist uses a nasogastric tube with spe- 
cialized sensors that obtain signals from the electrical activ- 
ity of the diaphragm to control the timing and pressure of 
the ventilation delivered. 68 In theory, this form of triggering 
and support is particularly useful for patients with gas 
trapping and auto-PEEP who have high work of breathing 
because of triggering or asynchrony. 

Adaptive Support Ventilation. Adaptive support ven¬ 
tilation uses a combination of pressure and flow to main¬ 
tain targeted minute ventilation established by a preset 
weight and percent of minute ventilation. 69 Adaptive sup¬ 
port allows the patient to determine optimal comfort level 
and enhances the patient-preferred respiratory rate or vol¬ 
ume to achieve volume targets for tidal volume and min¬ 
ute ventilation along a precalculated support curve. IJ - 1 
The patient’s lung mechanics, expiratory time constants, 
and lung compliance are used to determine optimal targets 
for tidal volume and rate along the curve. The algorithm 
adjusts breath to breath to meet the patient’s variable 
demands or lack of demands by providing safety backup 
ventilation. 72 

Airway Pressure Release Ventilation 

Airway pressure release ventilation (APRV) is another form 
of CPAP, in which a CPAP level and a pressure release level 
are set along with the frequency and time of the pressure 
release. This mode of ventilation is usually indicated when 
a patient has intrapulmonary shunting from respiratory 
distress syndrome (RDS) or acute respiratory distress 
syndrome (ARDS) that is not responding to traditional 
approaches with a conventional mechanical ventilator. 
A high level of CPAP is held in the lung for up to 2 seconds 
for infants and 4 seconds for pediatrics, and the patient is 
able to breathe spontaneously during this pressure hold. 
The ventilator will continue to provide inspiratory flow 
to the patient during spontaneous breathing in order 
to maintain the high CPAP level. This is accomplished 


because the expiratory valve is active throughout inhala¬ 
tion and exhalation and the patient is allowed to exhale 
during inspiration as long as the inflation pressure is still 
being held in the ventilator system. Spontaneous breathing 
at a higher pressure not only aids in alveolar recruitment 
but through the application of pleural pressure change, 
improvements in the distribution of lung volume to dis- 
eased lung units may improve functional residual capacity 
(FRC) and pulmonary compliance. 7 The short intermit- 
tent decreases in the CPAP level allow alveolar emptying of 
gases. Unlike conventional CPAP, however, the intermittent 
release of pressure augments ventilation and allows elimi¬ 
nation of carbon dioxide. 74,7 ’ APRV has been used in neona¬ 
tal, pediatric, and adult forms of respiratory failure. 73 APRV 
has been referred to as bilevel positive airway pressure (BiPAP) 
but is inherently different in that it is usually implemented 
in an intubated patient who is failing conventional me¬ 
chanical ventilation because of refractory hypoxemia. Non- 
invasive BiPAP does not require that a patient be tracheally 
intubated. In this mode the pressure level changes between 
inspiration and expiration. Although its use in prevendng 
sleep apnea is similar to that of conventional CPAP, it may 
be helpful in overcoming ventilation difficulties and avoid- 
ing tracheotomy in individuals afflicted with neuromuscu- 
lar diseases, such as spinal muscular atrophy. 76 

MECHANISMS OF GAS 
EXCHANGE 

The mechanical ventilation (MV) techniques previously 
described represent different locations on the ventilation 
Spectrum. On this Spectrum, LFV occupies one extreme 
with relatively large tidal volumes and low breathing rates 
and HFOV resides at the other extreme with very small tidal 
volumes and high breathing rates. The techniques of LFV 
breath rates up to 150, HFPV, and HFJV lie in between. As 
one traverses this ventilatory Spectrum, the classic roles of 
convection to deliver bulk gas to small airways and diffu¬ 
sion to distribute the gas among the gas-exchanging sur- 
faces become blurred. Most of the research attempting to 
refine our understanding of gas transport and exchange 
during LFV and HFV has been accomplished in adult or 
animal models with normal or injured lungs. At best, the 
injured States mimic secondary (not natural) surfactant 
deficiency, and adult pulmonary time constants and airway 
rigi dity differ significantly from those of the neonatal lung. 

Enhanced diffusion is found in large and medium air¬ 
ways in which alterations in gas flow velocity profiles 
occur. This is thought to be responsible for delivery of 
gas farther into the lung than can be explained by pure 
convection. There is significant interdependence between 
adjacent alveolar units because the walls of any alveolar 
unit are shared with juxtaposed alveoli, each providing 
stability to the other. Once inflated, these units, which may 
have different time constants, can equilibrate gases by 
swinging ventilation between them. This phenomenon, 



CHAPTER 17 • Invasive Mechanical Ventilation of the Neonate and Pediatric Patient 


311 


called pendelluft , tends to equilibrate gas concentrations in 
conducting airways and serves to improve gas exchange 
from distal pulmonary units. In addition, the impact of 
enhanced diffusion, the product of tidal volume and rate, 
and the relationship between pulmonary units may all 
vary depending on the HFV technique used, the settings 
chosen, the patient’s lung size, and pathological condi- 
tions. 78 Obviously, our understanding of this complex set 
of gas exchange dynamics remains incomplete. 

FLOW AND PRESSURE 
WAVEFORM PATTERNS IN 
LOW-FREQUENCY VENTILATION 

To fully understand mechanical ventilation, the clinician 
should relate each change in a ventilator setting with the 
effect it will have on respiratory variables. Using this ap¬ 
proach helps the clinician to understand the relationship 
of each ventilator setting to the respiratory system, rather 
than memorizing a long list of cause-and-effect relation- 
ships. 21 The concepts of flow and pressure as they relate to 
time are helpful in relating ventilator settings to the goals 
of mechanical ventilation. The pressure and flow wave- 
forms are altered each time a ventilator setting is changed. 
These waveforms can be viewed as two-dimensional pic- 
tures of the changes that occur in the lungs as the ventila¬ 
tor settings are adjusted. Tidal volume and Paw as 
they relate to flow and pressure waveforms are shown in 
Figure 17-5. Assuming constant lung conditions and infla¬ 
tion time, an increase in the inspired volume per unit time 
results in an increase in peak pressure and an increase in 



FIGURE 17-5 Flow (r) and pressure (P) waveforms during 
constant flow-volume ventilation. The unshaded area below each 
waveform represents tidal volume (V T ) and mean airway pressure 
(Paw). The shaded area represents the increase in V T Paw and 
when flow is increased. 


both tidal volume and Paw. Similarly, if the tidal volume 
control on a ventilator increases, flow, peak pressure, and 
Paw also increase. Note that once a change occurs in one 
variable it results in changes in other variables. Two- 
dimensional images such as this help to illustrate concepts 
as they relate to ventilator management or other ventilator 
functions. The clinician would embrace flow and pressure 
waveform pattern and measurements of tidal volumes in 
HFV if practical ways of measuring existed. 

TIME CONSTANTS 

The concept of a time constant in the lung represents how 
fast pressure equilibrates between the circuit and the alve- 
oli. Conversely, it represents the maximal rate at which 
exhalation occurs. The time constant is a mathematic and 
physiological concept that is not consistently applied clin- 
ically. Previously, accurately obtaining the values necessary 
for calculating a time constant was technically difficult. 
Advances in pulmonary function measurement techniques 
have made these data more available. 

A time constant is the product of multiplying compli- 
ance and resistance. The time constant relates to both in- 
spiratory Alling and expiratory emptying of the lungs. 
Mouth pressure or proximal airway pressure equilibrates 
with alveolar pressure in three to Ave time constants. 9 
In a healthy newborn this is 0.33 second. In severely pre- 
mature infants with respiratory distress syndrome with 
decreased lung compliance, one time constant can be as 
short as 0.05 second. 80 This means that pressure equilibra- 
tion will occur in 0.15 to 0.25 second, which is the minimal 
inspiratory time required to ensure complete delivery of 
the tidal volume. When airway resistance is high, such as 
in meconium aspiration syndrome, the time constant is 
longer. This would indicate using longer inspiratory times, 
lower inspiratory flows, and longer exhalation times to 
ventilate these infants. 

Monitoring respiratory system mechanics to derive 
time constants assists in properly adjusting adequate in¬ 
spiratory time and expiratory time during ventilation. The 
time component is important when using rapid rates to 
allow adequate exhalation without developing breath 
stacking and automatic positive end-expiratory pressure 
(auto-PEEP) and to minimize iatrogenic lung damage. 
Using serial measurements of resistance and compliance 
directs the setting of ventilator parameters to match the 
changing pathophysiology of the patient. 81 

TRIGGERING AND 
SYNCHRONIZATION IN 
LOW-FREQUENCY VENTILATION 

Patient triggering is one of the most important links to 
the LFV ventilator. Proper triggering can reduce work of 
breathing, allows a patient to be more comfortable, re- 
duces oxygen consumption, and can result in a shorter 
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duration of ventilation. 82 There are three types of sensing: 
flow, pressure, and electrical activity of the diaphragm 
(Table 17-1). Many ventilators can do one if not two of the 
types of sensing. When types of triggering are considered, 
the placement of the triggering device and its effects 
on the patient are evaluated. Flow triggering is the most 
commonly used in the neonatal patient population. 

Flow Sensing 

Many ventilators now offer flow triggering as the primary 
mechanism by which a breath is initiated by a patient from 
the ventilator. A pneumotachometer between the circuit 
and the patient senses effort by measuring inspiratory 
flow. Two types of pneumotachometers can be used to 
sense flow: the heated-wire anemometer and the variable- 
orifice pneumotachometer. These units have fast response 
times, usually in the 30- to 70-millisecond range, and pro- 
vide reliable synchronization at all rates. 83,84 However, flow 
sensors add dead space to the airway, and the potential 
increase in tidal volume associated with SIMV may be 
negated by an increase in carbon dioxide retention. Flow 
sensors may also be affected by secretions and require fre- 
quent cleaning. Flow sensing and triggering can also be 
done with the internal ventilator pneumotachometer and 
can be sensitive enough for most patients. With these 
improvements in making the ventilator more receptive to 
patient effort, problems associated with secretions, con- 
densation, system/patient leaks, and active cardiac pulsa¬ 
tion could lead to erroneous triggering of the ventilator 
(auto-cycling). 

Pressure Sensing 

Some ventilators use a drop in the pressure signal sensed 
at the airway to trigger the ventilator with the patient’s 
breath. For the pressure in the circuit to drop to less than 


TABLE 17-1 


Synchronizing Systems for Mechanical Ventilators 


Type 

Source 

Ad van tages/ 
Disadvan tages 

Flow sensor 

Pneumotachome- 

Fast response; pro- 


ter (heated wire, 

vides volume 


variable orifice, 

measurement; 


differential 

adds dead space; 


pressure) 

affected by 
secretions 

Pressure sensor 

Proximal airway, 

No dead space; 


ventilator 

requires good 


demand valve 

patient effort; low 
transit time 

Electrical activity 

Nasogastric tube 

No dead space; 

of the dia- 

with electrodes 

unaffected by 

phragm (EAdi) 

that determine 

secretions, auto- 


the electrical 

PEEP, and leaks; 


activity of the 

requires catheter 


diaphragm 

(invasive); no vol¬ 
ume measurement 


the trigger level, or sensitivity setting, approximately 2 ml 
of volume must be displaced. This often accounts for a 
large portion of the neonatal tidal volume and thus is not 
well tolerated. A low-birth-weight infant may not consis- 
tently produce the level of effort necessary to trigger the 
ventilator. During pressure sensing, the response time 
tends to be slow because of delay from the progression of 
the pressure drop through the ventilator tubing. Because 
of this, synchronization is difficult to achieve at ventilator 
rates greater than 35 to 40 breaths per minute. 

Electrical Activity of the Diaphragm 

Neurally adjusted ventilatory assist (NAVA) uses a naso- 
gastric tube with specialized sensors that obtain signals 
from the electrical activity of the diaphragm (EAdi) to Con¬ 
trol the timing and pressure of the ventilation delivered. 67 
In theory, this form of triggering and support is particu- 
larly useful for patients with gas trapping and auto-PEEP 
who have high work of breathing as a result of triggering. 
This form of triggering is not affected by leaks and secre¬ 
tions; therefore, auto-cycling and hypocapnia in newborns 
can be eliminated. However, this modality is invasive 
and placement of the nasogastric tube could be initially 
uncomfortable to the patient, yet it may lead to increased 
synchrony and earlier liberation. 


CASE STUDY 2 


You are called by your nursing colleague to assess a patient 
who does not appear to be comfortable and doesn’t appear 
to be triggering the ventilator. What steps would you take to 
solve this problem? 


See Evolve Resources for answers. 

MANAGING VENTILATOR 
SETTI NGS 

Low-Frequency Ventilation 
Initial Setup 

Clinical protocols guiding decisions to implement MV 
techniques should be in place in each institution before 
these devices are used. Personnel involved in patient man¬ 
agement must demonstrate proficiency in the use of 
the device and clinical expertise to ensure patient safety. 
Active training programs within each institution should 
be mandatory and include a demonstration by personnel 
that they understand ventilator Controls and circuit de¬ 
sign, basic troubleshooting, and management strategies. 
Before the initiation of MV, each device and circuit should 
be inspected to ensure proper calibration and function. 
Specific care should be taken to ensure that (1) proper 
gas temperature and humidity are present, (2) ventilator 
and circuit position is such that a smooth transition can 
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TABLE 17-2 


Initial Mechanical Ventilator Settings 

Premature Infant 

Infant 

Toddler 

Small Child 

Child 

Adolescent 

Respiratory rate (breaths/min) 

40-60 

25-40 

20-35 

20-30 

18-25 

12-20 

V T (ml/kg) 

4-6 

5-8 

5-8 

6-9 

7-10 

7-10 

Inspiratory time (s) 

0.25-0.4 

0.3-0.5 

0.6-0.7 

0.7-0.8 

0.8-1 

1-1.2 

PEEP (cm H 2 0) 

5 

5 

5 

5 

5 

5 

Fio 2 

* 

* 

* 

* 

* 

* 


FlOz, Fraction of inspired oxygen; PEEP, peak end-expiratory pressure; V T , tidal volume. 
* Start 10% higher than preintubation F 1 O 2 or 100% unless contraindicated. 


occur, and (3) initial settings are lower than anticipated 
requirements to allow a slow increase toward desired lev¬ 
els and prevention of inadvertent injury. Finally, other 
appropriate primary therapies (e.g., surfactant replace- 
ment for surfactant deficiency and vasopressor support 
for impaired myocardial function), good pulmonary toilet 
are not replaced by MV and should be optimized along 
with ventilatory management. 

Proper management of ventilator settings requires 
monitoring of noninvasive monitors, arterial biood gases, 
chest radiographs, and ventilator waveforms and physical 
assessment of the patient. Table 17-2 shows commonly 
used initial ventilator settings suggested for different 
patient sizes; however, certain conditions or severity of 
disease may require a different initial approach. 

High-Frequency Ventilation 

Until more recently, HFV use was limited to patients in 
whom LFV was fading. The literature and experience with 
neonates through adults are changing this impression, so 
that F1FV is increasingly being used before rescue situa¬ 
tions develop. These developments are changing current 
protocols for moving patients from LFV to HFV. Because 
of this, it is necessary to focus on the concepts that need to 
be considered when applying HFV to patients, rather than 
describing specific ventilator settings. The evolving litera¬ 
ture and device-specific manufacturer’s recommendations 
should be consulted for more details. Successful applica- 
tion of any HFV device requires accurate comprehension 
of individual patient pulmonary pathophysiology and 
selection of an appropriate ventilatory strategy. At present, 
there are two fundamentally differing strategies that are 
designed to approach contrasting pulmonary pathophysi- 
ological processes. 

Each HFV device was initially developed for specific 
lung disease States. Because of ethical, scientific, and legal 
constraints, use in human infants was at first confined to 
rescue patients in whom conventional methods were fad¬ 
ing. With increasing anecdotal success noted by several 
groups, it became apparent that strategies applied to these 
infants were unique to each device. Subsequently, refine- 
ments in patient management led to tailoring device de¬ 
sign, with a resultant narrowing of the Spectrum of lung 
diseases to which they could be applied. For example, 


HFJV was directed toward air leak syndromes and HFOV 
toward diffuse alveolar disease. Studies have now shown 
that Paw recruitment of the atelectasis-prone lung can be 
accomplished with different HFV types with similar suc¬ 
cesses in gas exchange, histological evidence of uniform 
gas distribution, and decreased hyaline membrane forma- 
tion. 85 ’ 86 Conversely, Clark and associates 87 reported suc¬ 
cessful HFOV treatment of a series of infants with PIE 
and supported the value of HFOV use in patients with air 
leaks. In another study of infants with PIE, Keszler and 
coworkers 88 reported a clear superiority of HFJV over low 
frequency ventilation in a carefully controlled multicenter 
trial. Keszler and coworkers 89 have subsequently had suc¬ 
cess in managing infants with RDS with HFJV. These 
findings imply that successful management of infants 
with significant pulmonary disorders is best accomplished 
by device-specific strategies directed toward specific lung 
pathophysiological processes rather than by specific HFV 
types. 

Management Strategies 

High-Volume Strategy. For the patient with an 
atelectasis-prone lung (e.g., natural or acquired surfactant 
deficiency), the primary therapeutic goal is to optimize 
lung inflation so that ventilation-perfusion mismatching 
is minimized while reducing inflation-deflation breathing 
patterns that initiate a Cascade of events leading to lung 
tissue injury. 11 ' 89 This has been termed the high-volume strat¬ 
egy. Two separate means of achieving this goal have evolved. 

One method is to increase the distending pressures (Paw 
or CDP) in small increments (1 to 2 cm H 2 0) while watch- 
ing for improvement in oxygenation (arterial biood gas 
determinations, transcutaneous carbon dioxide, or pulse 
oximetry saturations) and mean lung volumes (MLV) deter¬ 
mined by chest radiograph. Mean airway pressure is in- 
creased until oxygenation improves significantly or until 
MLV reaches desired levels, or both, which may be deter¬ 
mined by the presence of a well-inflated lung on a radio¬ 
graph (Figure 17-6). While using this method, care must be 
taken to anticipate silent lung recruitment and to reduce 
Paw as appropriate to avoid serious impairment to venous 
return and reduction in cardiac output. Silent lung recruit¬ 
ment is gradual lung inflation taking place with static Paw 
settings (Figure 17-7). Clinical clues heralding this include 







314 


SECTION III • Therapeutic Procedures for Treatment of Neonatal and Pediatric Disorders 



FIGURE 1 7-6 Radiographs during the first day of life for a 30-week premature infant with respiratory 
distress syndrome (RDS) managed with HFOV to achieve optimal mean lung volume (MLV). A, Initial 
Paw equal to 10 cm H 2 0, fraction of inspired oxygen (Fio 2 ) equal to 1. B, At 1 2 hours of age, with Paw 
equal to 1 5 cm H 2 0 and Fio 2 equal to 0.45. C, At 24 hours of age with Paw equal to 1 2 cm H 2 0 and 
Fio 2 equal to 0.28. 


rapid improvements with subsequent unexplained decre- 
ments in oxygenation, decreasing Paco 2 without changes in 
oscillatory amplitude (improving compliance), and, finally, 
clinical changes in perfusion. These problems often can be 
avoided with diligence and anticipation. Silent recruitment, 
although more common during initial HFV management, 
can occur any time attempts are made to optimize MLV. 
Data confirm the pulmonary, central nervous system, and 
cardiovascular safety and efficacy of this technique. 13,90 ' 93 


The other approach to recruiting the collapsed lung is 
the use of sustained inflations (Sis), that is, applying plateau 
pressures at levels in excess of expected alveolar opening 
pressures for periods of 5 to 30 seconds. This technique 
should result in incremental improvement in oxygenation if 
pressure levels are adequate. Furthermore, because of lung 
hysteresis, the inter-SI Paw can often be reduced to levels 
slightly less than can be achieved with the other lung infla¬ 
tion method. Sis are usually repeated until no change in 
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Mean airway pressure (cm H 2 0) 

FIGURE 17-7 M ean arterial-to-alveolar oxygen tension ratio 
[P(a-A)C> 2 ] and Paw of 21 premature infants managed with HFOV 
immediately after surfactant replacement. Note that increasing 
Paw initially results in increased P(a-A)C >2 (alveolar recruitment); 
subsequent Paw weaning does not reduce oxygenation but is as- 
sociated with gradual improvement in P(a-A)C> 2 . The line between 
points fo and c represents silent lung recruitment as assessed by 
improving P(a-A)02 with essentially stable Paw. ( a ) Surfactant re¬ 
placement; (fo) 12 hours later; (c) 1 2 to 24 hours later; ( d ) 24 to 
48 hours later; (e) 48 to 72 hours later; and (/) 72 to 96 hours later. 


oxygenation is noted or until oxygenation decreases. Both 
imply that the lung is at the upper limits of lung capacity. 
The need for repeat SI maneuvers is determined by the level 
of inter-SI Paw used and the amount of subsequent alveolar 
derecruitment. The SI method may achieve optimal MLV 
more rapidly and, because of the lower inter-SI Paw, avoid 
silent recruitment. However, potential disadvantages in- 
clude the risk of using too little pressure (minimal recruit¬ 
ment) or too much pressure (airway injury, air leak, and re- 
ductions in cardiac output). Data from excised baboon lungs 
suggest that lung recruitment responses to SI maneuvers are 


dependent on lung pathophysiology. Thus there is a differ¬ 
ence in the response of surfactant-sufficient collapsed lungs 
and uninjured surfactant-deficient lungs. 4 This method has 
been used successfully in infants with minimal complica- 
tions. 3,92 Definite superiority of one technique over the 
other has not been demonstrated. 

Note the contrast between LFV and HFV. With LFV, 
lung recruitment is achieved by increasing inspiratory 
time, end-expiratory pressure, and the resultant mean air¬ 
way pressure, whereas FIFV uses Paw alone to achieve lung 
recruitment. Supplying adequate oscillatory amplitude 
around the baseline Paw provides ventilation during FIFPV 
and FIFOV. With FIFJV, ventilation is determined by 
changes in jet-pulse tidal volume delivery and by the 
amount of background CV used. It is critical to avoid the 
temptation to use HFV phasic pressure to recruit underin- 
flated lung units. Table 17-3 suggests an algorithm for 
implementation of the high-volume strategy. 

Low-Volume Strategy. In contrast to the lung inflation 
strategies described, management of infants with PIE, pneu- 
mothorax, or air trapping requires the employment of alter¬ 
native strategies because attempts to achieve optimal mean 
lung volume (MLV) in these patients will exaggerate existing 
lung overinflation or serve to further damage the injured 
lung. Here the primary objective should be to offer a ventila- 
tory strategy that allows the lung to slowly deflate, or one 
that minimizes ongoing air leakage while providing tolera¬ 
ble ventilation and accepting higher Fio 2 . This is accom- 
plished with all HFV systems by using a lower Paw than that 
creating the problem. (These patients are usually undergo- 
ing CV before being switched to HFV.) This allows the lung 
to derecruit and isolates damaged areas from inflation pres¬ 
sures. The consequence of this, however, is the frequent 
requirement for a higher Fio 2 . In addition, tidal volume 
delivery must be decreased to further reduce tidal volume 
exposure while using I/E ratios and ventilatory frequencies 


TABLE 17-3 


Generic Oxygenation and Ventilation Strategies for Use During High-frequency 
Ventilation in Patients with Diffuse Lung Disease 

Oxygenation Strategies 


Pao 2 

Increased 

Normal 

Decreased 

Lung inflation 

Normal 

Normal 

Normal 

Primary response 

Decrease Fio 2 

None 

Increase Fio 2 

Secondary response 

None 

None 

None 

Pao 2 

Increased 

Normal 

Decreased 

Lung inflation 

Decreased 

Decreased 

Decreased 

Primary response 

Increase Paw 

Increase Paw 

Increase Paw 

Secondary response 

Decrease Fio 2 

None 

Increase Fio 2 

Pao 2 

Increased 

Normal 

Decreased 

Lung inflation 

Increased 

Increased 

Increased 

Primary response 

Decrease Paw 

Decrease Paw 

Decrease Paw 

Secondary response 

Decrease Fio 2 

None 

Increase Fio 2 

Ventilation Strategies 




Paco 2 

Increased 

Normal 

Decreased 

Primary response 

Increase OA 

None 

Decrease OA 

Secondary response frequency 

Decrease frequency 

None 

Increase 

OA, oscillatory amplitude. 
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that maximize gas egress. A Paco 2 between 50 and 60 mm 
Hg is often tolerated in these patients as long as the arterial 
pH exceeds 7.25 (these parameter limits will likely vary 
among institutions). Once there is radiographic evidence 
that the lung has adequately deflated and air leaks have re- 
solved (for at least 12 to 24 hours), the lung is reinflated by 


one of the preceding lung inflation strategies. Air leak rarely 
recurs with this approach. This method is successful in at 
least 66% of infants with PIE. Those with PIE under tension 
and myocardial compromise are more difficult to manage 
and have poorer outcomes (Figure 17-8). 12,94 This approach 
has been dubbed the low-volume strategy. 



FIGURE 17-8 Radiographs ofa 2-day-old preterm infant with pulmonary interstitial emphysema (PIE). 
A, Paw equal to 16 cm H 2 0 and Fio 2 equal to 0.65. B, Six hours later, Paw equal to 8 cm H 2 0 and Fio 2 
equal to 1. C, Twelve hours later, settings were unchanged, PIE was resolved, and lung was nearly totally 
deflated. D, Thirty-six hours later, reinflation was beginning, Paw was equal to 12 cm H 2 0, and Fio 2 was 
equal to 0.45. 
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Seconds 

FIGURE 17-9 Air trapping illustrated in a flow (L/min) over time scalar. Expiratory flow never returns 
to baseline before the ventilator cycles again. 


fiVIANIPULATING VENTILATION 

Low-Frequency Ventilation 

One of the main goals of mechanical ventilation is to ma- 
nipulate the arterial carbon dioxide tension (Paco 2 ), which 
is affected by changing the minute ventilation. The minute 
ventilation is directly related to ventilation frequency and 
tidal volume and is inversely related to the Paco 2 . 

Frequency 

Frequency or rate is generally the first method used to in- 
crease minute ventilation. At low rates and conventional 
I/E ratios or during weaning, adjusting frequency is the 
most desirable option. Two disadvantages exist when ma- 
nipulating frequency at higher rates or inverse I/E ratios. 
The first is that as frequency increases, air trapping is likely 
to occur. !)3,96 Figure 17-9 illustrates this in a flow/time sca¬ 
lar graphic. Notice that flow does not come back to base¬ 
line. The second is that when the I/E ratio is kept constant, 
minute ventilation does not change. 

Tidal Volume 

An alternative to adjusting frequency is to change any vari¬ 
able that affects tidal volume and hence affects minute 
ventilation and Paco 2 . The goal is to select a variable that 
will increase the area under the flow waveform. This is ac- 
complished by increasing flow or inspiratory time. The 
tidal volume control on a microprocessor ventilator ad- 
justs flow or times to derive an increase in tidal volume. 
Another variable that is available on some ventilators is the 
I:E ratio. Adjusting it to provide a longer inspiratory time 
may also improve elimination of carbon dioxide. Altering 
tidal volume variables is useful in situations such as severe 
asthma, in which the goal is to minimize the rate and air 
trapping while maximizing exhalation time and ventila¬ 
tion. Figure 17-10 illustrates the three ways in which the 
flow waveform can change to increase tidal volume and 
minute ventilation. 



Time 

FIGURE 17-10 Control variables that affect minute ventilation 
by increasing the area under the flow (\£) waveform to increase 
tidal volume (V T ). 7, Increase V T or rate; 2, increase inspiratory 
flow; 3, increase inspiratory time. Also shown is the associated 
change in mean airway pressure (Paw). P, Pressure. 

Research has shown that the largest contribution to 
ventilator-induced lung injury results from lung overdisten- 
tion caused by excessive tidal volume (volutrauma), fol- 
lowed by the repetitive opening and closing of the 
terminal lung units (atelectrauma). Therefore, more 
emphasis is being placed on setting lower tidal volumes, 
improvements in tidal volume monitoring, and setting ad- 
equate PEEP levels. The tidal volume setting in neonates 
varies from 4 to 6 ml/kg in low-birth-weight premature in¬ 
fants, to 5 to 8 ml/kg in term infants, and to 7 to 10 ml/kg in 
pediatric and adolescent patients. 53,9 Lower volumes have 
been shown to be effective for patients with restrictive lung 
disease such as RDS and ARDS. 98,99 Tidal volume should be 
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corrected for compressible volume loss or a proximal flow 
sensor should be used. Careful monitoring of breath sounds, 
chest expansion, arterial biood gas values, and chest radio- 
graphs is essendal in determining adequate tidal volume. 

During pressure ventilation, increasing the pressure limit 
may also increase tidal volume. When the pressure limit is 
reached, flow decelerates. The increase in tidal volume is the 
result of the delay in flow deceleration and widening of the 
area under the flow waveform. An increase in the pressure 
limit during PCV and PSV causes the initial flow to increase. 
The result is a larger decelerating flow waveform and larger 
tidal volume. Figure 17-11 illustrates the way a change in 
the pressure limit affects both forms of pressure ventilation. 

High-Frequency Ventilation 

Classic physiology teaches that elimination of carbon di- 
oxide is directly related to the product of breathing rate 
and tidal volume (minute ventilation, where Vco 2 = f X V x ); 
however, the volume that effectively removes carbon diox- 
ide is alveolar volume that is, the difference between tidal 
and dead space volumes. On the basis of this, if tidal vol¬ 
ume is less than dead space, this difference, zero, and its 
product with breathing rate does not yield a meaningful 
number. Because all of the HFV methods described are ef- 
fective means of ventilation, even with tidal volumes less 
than dead space, a new explanation is needed. Fredberg 
and coworkers 37 provided insight into this apparent para- 
dox by describing elimination of carbon dioxide as follows: 

($eo 2 ) = (f) x X (Vt) 5, 

where x is 0.5 to 1 and y is 1.5 to 2.2 (depending on the 
device). From this relationship we see that tidal volume is 



Time 

FIGURE 17-11 Waveforms comparing the mechanism of in¬ 
creasing tidal volume (V x ) by adjusting pressure limit during time- 
cycled pressure-limited ventilation (TCPV) to pressure-control or 
pressure-support ventilation (PCV/PSV). Flow changes during 
PCV/PSV, but only the length of time changes before flow deceler¬ 
ates during TCPV. Paw, Mean airway pressure; \P, flow. 


more critical to ventilation than rate is during HFV, and 
HFV appears to reduce the impact of dead space volume 
on ventilation. 

Unlike oxygenation, in which the relationship of Paw 
to MLV and subsequent optimization of gas exchange is 
similar between LFV and HFV, the elimination of carbon 
dioxide by LFV and HFV is drastically different. This dif¬ 
ference lies not only in the alterations to the minute venti¬ 
lation equation just described but also in the nature of 
HFV devices themselves. In this regard, Fredberg and col- 
leagues 37 made several interesting observations during an 
evaluation of multiple neonatal HFV devices. They noted 
that not only is carbon dioxide elimination during HFV 
more sensitive to changes in tidal volume than in rate but 
also the tidal volume output of HFV devices is sensitive to 
changes in ETT diameter and lung compliance. As ETT 
dimensions and compliance decreased, so did tidal volume 
output from the HFV tested. This occurred in the presence 
of stable ventilator settings. Therefore any clinical change 
causing a decrease in ETT diameter, such as reintubation 
with a different-sized ETT or partial ETT obstruction 
with tracheal secretions, alters the delivered tidal volume. 
Furthermore, improvements in lung compliance (e.g., vol¬ 
ume recruitment) and decrements in lung compliance 
(e.g., patent ductus arteriosus or alveolar derecruitment) 
have a direct effect on tidal volume. 

In addition, the relationship between ventilator fre- 
quency and carbon dioxide elimination is nonintuitive. 
Changes in ventilator rate at a given pressure amplitude 
cause an inverse change in tidal volume. Thus when venti¬ 
lation must be improved, a reduction in breathing fre- 
quency improves ventilation because the increased volume 
output per stroke has a greater impact on ventilation than 
does the decrease in stroke frequency. The converse is also 
true. When less ventilation is needed and pressure ampli¬ 
tude is already minimized, increasing breathing frequency 
will further decrease tidal volume and allow weaning from 
ventilation. Figure 17-12 depicts data collected during 
volume measurement experiments with a CareFusion 
3100A high-frequency oscillator (Cardinal Health, Dublin, 
Ohio). Observe that although varying Paw (10 and 20 cm 
H 2 0) had no impact on tidal volume output at any given 
oscillatory amplitude, there was a substantial difference in 
tidal volume with differing frequencies. Volumes at 10 Hz 
are much higher than those at 15 Hz for each oscillatory 
amplitude tested. 

Frequency 

Breathing frequency ranges between 2 and 28 Hz, depend¬ 
ing on the device. Rates lower than 4 Hz and greater than 
15 Hz are rarely used. The impact of the breathing rate on 
ventilation during HFV is less than the impact of tidal 
volume. Frequency is therefore not usually changed, and 
management of ventilation occurs with changes in deliv¬ 
ered volume. Changes in frequency are made when operat¬ 
ing at machine limits of tidal volume (both low and high 
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Mean = 10 10 Hz 
Mean = 10 15 Hz 
Mean = 20 10 Hz 
Mean = 20 15 Hz 


Delta pressure (cm H 2 0) 

FIGURE 17-12 Tidal volume output measured during high-frequency oscillatory ventilation (HFOV) 
with a CareFusion 31 00A at a mean airway pressure (Paw) equal to 10 and 20 cm H 2 0 and a frequency 
equal to 10 and 15 Hz. There is a nearly linear relationship between oscillatory amplitude and tidal 
volume. At each oscillatory amplitude tested, tidal volume at 10 Hz is higher than at 1 5 Hz. Paw has no 
effect. 


limits). Choices of breathing frequency depend on under- 
standing optimal functional characteristics of each device 
and the nature of the patient and the disease treated. For 
example, with a similar disease, such as acute RDS, neona- 
tal and pediatric patients are managed with different fre- 
quencies during HFOV. The smaller child requires a lower 
tidal volume and therefore a higher frequency. Preliminary 
data in mature animals suggest that, at an equivalent arte- 
rial partial pressure of carbon dioxide (Paco 2 ), higher fre- 
quencies during HFOV are less damaging to airways than 
lower frequencies. 100 

Oscillatory Amplitude or Peak 
Pressure 

Each of the ventilators available in the United States is 
pressure limited. Changes in delivered pressure amplitude 
have a direct influence on tidal volume delivery. The pur¬ 
pose of measuring peak inspiratory pressure is to offer 
both patient safety and ease of adjustment of delivered 
tidal volume. Although HFJV provides separate control 
and displays an estimate of distal ETT peak pressure, the 
HFOV does not. The oscillatory amplitude (the peak-to- 
trough pressure difference). Measurement of pressures 
(whether peak or peak-to-trough) distal to the insertion 
point of HFV breaths in the patient circuit is important to 
avoid underestimation of pressures seen by pulmonary 
structures. Transducers, amplifiers, and measuring circuit 
fidelity must be adequate and unfiltered to properly mea- 
sure peak-to-peak pressures at these breathing frequencies. 

During HFOV, peak and trough pressures are measured, 
although they are not usually displayed. Because of the 
impact of the ETT on transmitted pressure, these values 
have only relative significance. Of more importance is the 
difference between peak and trough pressures, known as 
oscillatory amplitude or simply the delta P. Delivered volume 


is directly proportional to this peak-trough difference, 
and adjustments result in changes in tidal volume (see 
Figure 17-12). During HFOV, the relationship between os¬ 
cillatory amplitude and tidal volume actually delivered to 
the lung is subject to the same constraints as peak-to-end- 
expiratory pressure differences during pressure-limited 
LFV. Changes in downstream compliance and impinge- 
ment on the ETT lumen cause tidal volumes to vary with- 
out changes in displayed pressure amplitudes. Control over 
tidal volume during HFJV occurs by modifications in dis¬ 
tally measured peak pressures. Although this measurement 
is less vulnerable to variations in the ETT lumen, total vol¬ 
ume delivery during HFJV is a combination of jet pulse 
and gas entrained with each breath from the proximal 
ETT connection. This entrainment volume is vulnerable to 
reductions in the ETT lumen. 

MANIPULATING OXYGENATION 
Fraction of Inspired Oxygen 

The most obvious way to improve oxygen delivery is to 
increase the alveolar oxygen tension by increasing the frac¬ 
tion of inspired oxygen (Fio 2 ). A simple method to deter- 
mine the Fio 2 needed for a desired arterial oxygen tension 
(Pao 2 ) is derived from the arterial-to-alveolar oxygen ten¬ 
sion ratio. Assuming constant barometric pressure, Paco 2 , 
and stable lung conditions, the equation simplifies to: 

Fio 2 desired = Pao 2 desired X Fio 2 known/Pao 2 known 

Because prolonged exposure to high levels of oxygen 
may be toxic, the lowest acceptable Fio 2 should be used. U11 
However, high levels of oxygen may be necessary to correct 
hypoxemia when treating severe lung disease or persistent 
pulmonary hypertension of the newborn. To avoid these 
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complications, other variables that relate to improving 
oxygenation must also be considered, such as Paw, nitric 
oxide, and PEEP. 

Low-Frequency Ventilation 

Mean Airway Pressure 

Improvement in Pao 2 is directly related to an increase in 
Paw. (It may have an inverse relationship in right-to-left 
cardiac shunts or in pulmonary volutrauma. 102,103 ) This 
improvement is believed to be caused by recruitment of 
collapsed alveoli or the redistribution of lung fluid, or 
both. 42 Paw is the area under the pressure waveform from 
the beginning of inflation to the beginning of the next in¬ 
flation divided by the total cycle time. A simple equation 
for estimating Pawis as follows: 

Paw = 1/2 X peak pressure X 
(inspiratory/time/inspiratory + expiratory times) 

Several control variables affect Paw, including inspira- 
tory time, peak pressure, frequency, flow, and PEEP. The 
denominator of the equation for Paw is cycle time or fre¬ 
quency. As frequency increases, cycle time decreases so that 
the result is an increase in the value of Paw. Figure 17-13 
demonstrates how the pressure waveform can be altered by 
these variables to increase Paw. The desired Paw is one in 
which both oxygenation and ventilation are optimized and 
the risks of pulmonary volutrauma, impaired hemody- 
namics, and fluid retention are minimized. 

Flow Rate 

The flow rate will directly affect Paw. Ideally, inspiratory 
flow should be set to match the patient’s peak inspiratory 
demands and depends largely on the following: 

• The patient’s spontaneous effort 

• The work of breathing 
Patient-ventilator synchrony 

Too much or not enough flow can increase the work 
of breathing or cause dyssynchrony. 104,105 Figure 17-14 
presents a flow-volume loop illustrating when there is 
inadequate flow. Flow and pressure waveforms vary among 
ventilators. The flow required for spontaneous breathing 
is provided by means of continuous flow or a demand valve 
that is triggered by the patient’s inspiratory effort. 16 

Inspiratory Time and T.E Ratio 

The inspiratory time and I/E ratio also directly affect Paw. 
Although there are few specific data regarding guidelines 
for inspiratory time and I:E ratio, it is suggested that the 
appropriate inspiratory time and I/E ratio depend on the 
patient’s ventilation and oxygenation status as well as on 
the level of spontaneous breathing. Ventilators are often 
set at an inspiratory time of 0.25 to 0.5 second for neo- 
nates, 0.6 to 0.9 second for toddlers and children, and 1 to 
1.2 seconds for adolescents, with an I/E ratio of 1:2 to 1:3. 



Time 

FIGUREJ 7-13 Control variables that alter mean airway pres¬ 
sure (Paw) by increasing the area under the pressure waveform. 7, 
Increase tidal volume (V T ) or rate; 2, increase inspiratory flow; 3, 
increase peak pressure; 4, increase inspiratory time. Also shown is 
the associated change in V T . P, Pressure; W, flow. 



FIGURE 17-14 Inadequate flow support on flow-volume loop. 
A normal loop should look like a football at a 45-degree angle. 
The inspiratory phase of this loop is concave, owing to inade¬ 
quate flow. 


Increasing the inspiratory time or I/E ratio is performed 
in an effort to increase Paw and improve oxygenation. 
When this is carried out, however, the impact on patient 
comfort, the need for sedation, and the development of 
auto-PEEP, hemodynamic compromise, and breath stack- 
ing must be considered. 106 Figure 17-15 presents what is 
seen on the ventilator graphics if the inspiratory time is 
excessive. 

Positive End-Expiratory Pressure 

The most significant variable affecting Paw is PEEP. 
Figure 17-16 shows the relationship of PEEP to the 
pressure waveform and Paw. PEEP affects pressure 
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FIGURE 17-15 Excessive inspiratory time on flow/time scalar. 
Flow returns to baseline before the ventilator cycles into expiration. 



FIGURE 17-16 The relationship of positive end-expiratory pres¬ 
sure (PEE P) to the pressure waveform. Note that mean airway 
pressure (Paw) is the area under the waveform during the entire 
respiratory cycle. P, Pressure. 


throughout the entire respiratory cycle and alters the 
simple formula given previously for Paw to 

Paw = 1/2 X (Peak pressure —PEEP) X 
(Inspiratory time/Inspiratory time + Expiratory time) 

+ PEEP 

PEEP improves gas exchange by improving Pao 2 , mainte- 
nance of recruited alveoli, increasing functional lung 
volume, decreasing intrapulmonary shunting, and im¬ 
proving lung compliance. 107 ' 109 Simply stated the goal of 
PEEP therapy is to improve oxygenation by increasing 
FRC through maintenance of airway patency and alveolar 
recruitment. 

An adequate PEEP level is the amount of PEEP neces- 
sary to attain an acceptable Pao 2 at the lowest Fio 2 , 
although avoidance of high PEEP levels is desirable. 110 It 
is determined by many physiologic factors, which may 
or may not be monitored in any given clinical situation. A 
conservative but acceptable Pao 2 is 45 to 65 mm Elg for 
neonates younger than 33 weeks of gestation and 60 to 
80 mm Elg for pediatric patients at an Fio 2 of 0.4 to 0.5. 
PEEP usually begins at 3 to 5 cm H 2 0, with increases made 
in increments of 2 cm H 2 0. 111,112 A method of judging 
adequate PEEP levels is to monitor static lung compliance 
or to calculate it by dividing the effective tidal volume 


formula by the end-inspiratory pause pressure minus 
PEEP. When the functional residual capacity is low, static 
compliance increases as PEEP increases because of shifting 
of the ventilating volume to the optimal point on the com¬ 
pliance curve. When optimal distention is reached, lung 
compliance is maximal. If PEEP is increased further, over- 
distention, reduced compliance, and decreased oxygen 
transport may result. 107 A static compliance measurement 
can be difficult to obtain in patients with cuffless endotra- 
cheal tubes that have a leak. 

Monitoring the Paco 2 to end-tidal carbon dioxide 
gradient may also be useful in judging PEEP levels (see 
Chapter 8, Invasive Biood Gas Analysis and Cardiovascular 
Monitoring). Overdistention and reduced cardiac output 
resulting from excessive PEEP cause the gradient to widen. 
Caution must be exercised with this method because other 
abnormalities causing a low cardiac output may also in- 
crease this gradient. 28,113 Because excessive levels of PEEP 
can affect cardiac function, monitoring mean biood pres¬ 
sure, central venous pressure, mean pulmonary artery 
pressure, and other hemodynamic variables is also impor- 
tant while monitoring PEEP levels. When pulmonary ar¬ 
tery catheters are used, cardiac output and the pulmonary 
shunt fraction are useful measures. A reduction of the 
shunt fraction, normally to less than 15%, is the goal when 
applying PEEP in patients with ARDS. 108 When using this 
variable to adjust PEEP and the shunt fraction is reduced 
to less than 15%, levels of PEEP in excess of 25 cm H 2 0 are 
usually required. 11 This aspect of using PEEP in the pedi¬ 
atric population is generally prohibited in patients with a 
cuffless endotracheal tube because of the leakage around 
the tube. 

Not only can PEEP be applied as a ventilating variable, 
but it also can be present in the form of auto-PEEP (intrin- 
sic, occult, or inadvertent PEEP). 114,113 Auto-PEEP is the 
difference between alveolar pressure and external airway 
pressure at end expiration. 16 Causes include impedance to 
exhalation related to airway resistance, expiratory muscle 
activity, imposed resistance caused by endotracheal tubes 
and exhalation valves, water obstructing the exhalation 
circuit, rapid breathing frequency, and inverse I/E ratio. 16 
Auto-PEEP has the same clinical effects as therapeutically 
applied PEEP. The two possible goals to managing auto- 
PEEP are either (1) to minimize it or (2) to use it as a 
ventilation variable in manipulating Paw. In either case, 
recognizing and monitoring auto-PEEP are clinically im- 
portant. The use of PEEP in obstructive lung disease, such 
as asthma, is controversial, with some investigators report- 
ing improved gas exchange and decreased airway resis¬ 
tance, whereas others found increased air trapping and 
hemodynamic compromise. 1 16,11 More recent research has 
shown that higher set PEEP levels can be helpful in de¬ 
creasing the work of breathing in mechanically ventilated, 
spontaneously breathing pediatric patients with obstruc¬ 
tive airway disease. 118 In theory, external PEEP holds the 
airways open and allows better exhalation, thus reducing 
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the auto-PEEP and making it easier for patients to trigger 
ventilator breaths. Multiple variables affect ventilation 
and oxygenation. It must be understood that manipulat- 
ing a ventilator setting with the objective of improving one 
condition may result in undesirable effects on another. 16 
Balancing these variables allows the clinician to meet the 
goals of mechanical ventilation, as well as to optimize oxy¬ 
gen delivery, recruit lung volume, improve gas distribu¬ 
tion, and alter minute ventilation. 

High-Frequency Ventilation 

Although from a mechanistic perspective gas exchange re- 
mains complex, the clinical management of oxygenation is 
more straightforward than LFV. Excluding adjustments 
of Fio 2 , oxygenation is improved during LFV and HFV by 
recruiting or maintaining lung volume. In faet, there is 
a direct and linear relationship between lung volume 
and oxygenation (Figure 17-17). The exception to this 
occurs when the lung is either under- or overinflated. In 
each circumstance the relationship between ventilation 
and perfusion is disturbed and oxygenation is impaired. 
Achieving an optimal MLV, then, optimizes ventilation- 
perfusion matching while avoiding impaired cardiac out¬ 
put. As discussed earlier, adjusting several LFV settings, 
such as tidal volume, peak pressure, inspiratory time, and 
end-expiratory pressure, accomplishes this. The resulting 
Paw is an indirect expression of the pressure effort re- 
quired to achieve and sustain the desired MLV. Phasic pres¬ 
sures delivered with LFV during attempts to recruit lung 
volumes can damage the fragile, yet noncompliant, infant 
airways and lung parenchyma. Sometime this is referred to 
as tidal reeruitment. Thus conventional tidal volume 
breathing applied to lungs with nonuniform compliances, 
as in the premature surfactant-deficient lung, results in 
nonhomogeneous gas distribution, with overinflation of 
compliant areas and underinflation of oncompliant re¬ 
gions. During spontaneous or conventional mechanical 
breathing, the lung swings past the MLV and mean Paw 
during the cycles of inspiration and expiration, residing at 
the MLV (and Paw) for only brief periods. With normal lung 
mechanics, a stable FRC is maintained and oxygenation is 



Mean lung volume (MLV) 

FIGURE 17-17 Relationship between mean lung volume and 
oxygenation (by inference, between Paw or CDP and MLV). 
A, Unopened lung. B, Overinflated lung. 


not impaired. In the lung prone to atelectasis, however, 
residual lung volumes are dynamic. Although volume 
may seem adequate at peak inflation, stable lung volumes 
may not exist and oxygenation will be significantly im¬ 
paired (even in the presence of positive end-expiratory 
pressures). 119,120 

The methods used to create and maintain Paw (or CDP 
during HFOV) therefore have a profound effeet on the 
consequences of reaching the MLV. Conventional methods 
require the use of relatively high peak pressures to recruit 
collapsed noncompliant pulmonary units. The potential 
negative impact has already been described. The approach 
taken during HFV strategies, in contrast, is the application 
of a CDP without the use of high phasic pressures. In faet, 
direct control over CDP (Paw) is possible, with ventilation 
occurring around a relatively fixed intrapulmonary pres¬ 
sure and, therefore, relatively stable MLV. The danger 
of this technique, as mentioned earlier, is lung overdisten- 
tion and resultant decreases in venous return and cardiac 
output. This can occur without changes in ventilation 
pressures during LFV and HFOV when lung volume is 
silently reeruited as compliance improves. 

The optimal MLV, during high-volume strategies, is 
reached when distending pressure exceeds alveolar open- 
ing pressures, and, as a result, the arterial-to-alveolar oxy¬ 
gen tension ratio [P(a-A)0 2 ] is maximized. This measure of 
oxygenation is useful because it normalizes measured arte- 
rial partial pressure of oxygen (Pao 2 ) for delivered Fio 2 . 121 
Perfect oxygenation, unobtainable in nature, yields a ratio 
of 1:1. The safe application of pressures adequate to 
achieve a stable MLV during management of the unin- 
jured, atelectasis-prone lung is the goal of mechanical 
ventilation. Data from both animal and human infant 
studies suggest that improved oxygenation, with accept¬ 
able ventilation, does occur safely with HFV techniques 
while using distending pressures that are initially higher 
than in LFV Controls. 12,90,91 Attempts to achieve improved 
oxygenation using mean pressures lower than those used 
in LFV, although attractive in theory, have not proved 
fruitful except in short-term studies and in patients with 
pulmonary interstitial emphysema in whom low-volume 
strategies are desired and intentional. Experiments per- 
formed by McCulloch and coworkers, 122 using the surfac¬ 
tant-deficient rabbit model, elegantly demonstrated the 
relationship between lung inflation strategy and resultant 
lung volume and gas exchange. In this work, animals with 
similar pressure-volume relationships after lavage were 
managed for a 7-hour study period with conventional me¬ 
chanical ventilation, HFOV with a low lung volume strategy, 
or HFOV with a high lung volume strategy. Figure 17-18 
graphically demonstrates the impact of these approaches 
on lung volumes. Note the significantly higher volumes 
obtained in the animals receiving HFOV and a high lung 
volume at an equivalent Paw. As anticipated, this group 
also had a fivefold higher Pao 2 and less evidence of signifi- 
cant bronchiolar epithelial injury. 122 
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Mean airway pressure (cm H 2 0) 

FIGURE 17-18 Respiratory system pressure-volume curves 
obtained after 7 hours of ventilation in surfactant-depleted 
rabbits. Note the intergroup differences in total respiratory sys¬ 
tem compliance and lung volumes. The differences in hysteresis 
(inflation-deflation limb separation) are also significant between 
groups. CMV, Conventional mechanical ventilation; FRC, func- 
tional residual capacity; HFO-A, high-frequency oscillatory venti¬ 
lation with an active expiratory phase; FIFO-A/FII, HFO-A at a 
high lung volume; FIFO-A/LO, HFO-A at a low lung volume. 


Figure 17-18 also illustrates that an equivalent Paw does 
not imply equivalent lung volumes. As patient compliance 
changes, so does the Paw required to maintain optimal 
MLV. Obviously, a direct measure of MLV or compliance 
during HFV would be extremely useful; however, neither 
is currently available for routine bedside use. Clinical 
measures to properly wean patients and avoid inadvertent 
overdistention are discussed later in this chapter. 

Positive End-Expiratory Pressure 

Like peak pressure, the attempt to apply a conventional 
setting to an HFV technique can lead to confusion. One 
can easily measure trough pressures during HFV, but the 
meaning and value are unclear. With LFV, we relate oxy- 
genation to levels of end-expiratory pressure because this 
setting contributes so significantly to Paw. With HFJV this 
remains true because end-expiratory pressure is set by add- 
ing it from the LFV. During HFOV, however, it is set di- 
rectly, and true end-expiratory pressure (or trough pres¬ 
sure) is meaningless. In faet, to avoid confusion some 
authors suggest that CDP (rather than Paw) be used to 
describe the constant pressure delivered during HFOV. 

Mean Airway Pressure or Continual 
Distending Pressure 

Mean airway pressure or CDP Controls MLV. During LFV, 
this setting is the consequence of a combination of venti¬ 
lator settings, and although it is a true mathematical 
average of pulmonary pressures, the lung maintains this 


pressure (and hence volume) for only brief periods. 
During HFV, especially HFOV, this pressure is direetly 
controlled by the combination of bias flow and expira¬ 
tory valve aperture. In this circumstance, the HFV static 
pressure (or CDP) truly creates a static lung volume, the 
magnitude of which depends on lung compliance. All the 
devices described provide a display of Paw. During HFJV 
and HFPV, control over this parameter is achieved by 
changing the settings of the tandem or built-in LFV. It 
cannot be overstated that as lung volume inereases, so 
does compliance. In faet, at the very lung volume where 
oxygenation is optimized, compliance is as well. The im¬ 
portance of this concept is that ventilation is influenced 
if lung volume is too high, or too low, during HFV. Thus 
Paw facilitates oxygenation and permits optimal ventila¬ 
tion (see Figure 17-17). Therefore using Paw to maintain 
the correct lung volume is doubly critical. 

Flow 

The use of flow to control ventilator settings is variable 
among the devices described. During HFJV, jet pulses are 
delivered by means of a timing circuit with minimal con¬ 
trol of flow. Pressures, and therefore volumes, are deter¬ 
mined by variations of jet on-time and frequency. HFPV 
incorporates multiple solenoid technology to determine 
rate of pressure rise and end-expiratory pressures during 
LFV, which has little impact on HFV funetions. HFOV 
CDP is determined by the combination of circuit bias 
flow and the back pressure created by the expiratory valve 
opening. Even though desired CDP may be achieved with 
complete valve closure, care should be taken to avoid this 
because rapid rebreathing followed by circuit (and patient) 
overpressurization will occur. 

Inspiratory Time 

Inspiratory time adjustments result in alterations in venti¬ 
lator rate, I/E ratio, and tidal volume, all of which are sig¬ 
nificant to differing degrees for each type of HFV. Inspira¬ 
tory time during HFJV is adjusted by changing jet on-time. 
Depending on ventilator frequency, this alters the I/E ratio 
and influences tidal volume output. Jet on-times of 20 to 
34 msec are common. With HFOV, inspiratory time varies 
with ventilator rate but the I/E ratio is singularly meaning- 
ful. The recommendation is a 33% inspiratory time for the 
HFOV devices approved in the United States. The result is 
that for each completed respiratory cycle, one third is in¬ 
spiratory and two thirds is expiratory. The importance of 
this lies in the enhancement of gas egress during exhala- 
tion because the 1:2 ratio favors the expiratory phase, 
thereby reducing inadvertent air trapping or breath stack- 
ing. This becomes a more significant factor as ventilator 
frequencies inerease. Inereases in inspiratory time at any 
given rate will inerease tidal volume, but there is an obliga- 
tory reduction in I/E ratio that may offset any desirable 
effeets. Changes in ventilator rate are made with changes 
in expiratory time, and the I/E ratio varies with frequency. 
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In comparison with the other ventilators, adjustments in 
tidal volume cannot be made by increasing inspiratory 
time, and I/E ratios will vary with frequency. 

PATIENT-VENTILATOR 

INTERFACE 

Understanding the ventilator circuit is an integral aspect 
of ventilator management. The circuit is the interface be- 
tween the ventilator and the patient system. 123 There are 
five major factors to consider when assessing the impact of 
the circuit on ventilation: 

Compressible volume 
• Air leak 
Dead space 
Resistance 
Humidification 

Compressible Volume 

The influence of compressible volume on effective tidal 
volume during volume ventilation was discussed earlier 
(see Adaptive Ventilation). Ventilator circuit compression 
influences tidal volume during pressure ventilation as 
well. 66 When the ventilator delivers a breath, pressure in¬ 
side the circuit increases and compresses the gas volume 
delivered. This compressed volume never reaches the pa¬ 
tient, and the inspired volume is less than the set volume. 
During expiration, however, the compressed volume 
passes through the exhalation valve and is measured as 
part of the patient’s exhaled volume. This results in the 
patient’s actual inflation volumes being less than that re- 
corded as exhaled volume. If the actual volume delivered 
to the lungs of critically ill infants and young children is 
not accurately known, the patient may be at risk for ate- 
lectasis, hypoxia, and hypercapnia. 124 A circuit compliance 
or compression factor can be calculated, as illustrated in 
Box 17-2. Thus some clinicians describe this as volume 
“lost” in the tubing. The compressible volume of dispos- 
able tubing is generally greater than that of reusable tub¬ 
ing. 121 ’ The humidifier also represents a source for gas 
compression and is included in calculating compressible 
volume. Using a constant-level self-feeding humidifier is 
necessary to minimize variations in compressible volume 
in all pediatric ventilation situations. When tidal volumes 
are measured with a proximal flow sensor placed at the 
endotracheal tube, ventilator circuit compliance and 
the confounding circuit variables are no longer pertinent 
factors. 124 

Air Leak 

In the pediatric clinical setting, it is important not to 
confuse compressible volume losses with air leaks. Air 
leaks are most notable around a cuffless endotracheal or 
tracheostomy tube. Accurately monitoring tidal volume 
is difficult in the presence of an air leak. An excessive 
air leak compromises tidal volume delivery, reduces 



FIGURE 17-19 Air leal< shown on a volume/time scalar. Volume 
never returns to baseline before ventilator cycles again. V T , Tidal 
volume. 

lung-distending pressures, and may adversely affect the 
ventilator triggering mechanism. In general, air leaks are 
monitored by the difference between the tidal volume 
delivered by the ventilator to the patient and the patient’s 
exhaled tidal volume. 66 Another way to identify an air 
leak is via flow graphics. Figure 17-19 illustrates an air 
leak on a volume-time scale. In most clinical situations, 
an air leak greater than 15% of the delivered tidal volume 
makes volume ventilation difficult. Even though the leak 
still occurs during constant pressure ventilation, switch¬ 
ing to a higher flow rate and pressure setting may deliver 
a satisfactory tidal volume. Usually reintubation is neces¬ 
sary to maintain consistent volume ventilation and ade- 
quate triggering of the ventilator. 

Dead Space and Resistance 

Dead space is the portion of the circuit distal to the main 
bias flow or circuit where gas can be rebreathed. This 
includes the volume of the circuit wye connector, elbow, 
any monitoring device attached to the endotracheal tube 
connector, the endotracheal tube, and the conducting 
airways. The conducting airways are known as anatomical 
dead space and are not influenced by the circuit. However, 
the dead space added to the circuit is mechanical dead 
space. With smaller pediatric volumes, mechanical dead 
space may result in undesired rebreathing of carbon 
dioxide. Specially designed pediatric or infant monitor¬ 
ing devices and circuits help minimize this. Overzealous 
application of low dead space monitoring devices may 
result in increased resistance at the airway if the proper 
size is not used. Another component to evaluate as 
a choke point for gas flow is the adaptor connecting 
the tubing to the elbow or the endotracheal tube. A rule 
of thumb is that the endotracheal tube should be the 
point of highest circuit resistance. If a circuit compo¬ 
nent is smaller in cross-sectional area than the endotra¬ 
cheal tube, another circuit or component should be 
used. 126 

HIGH-FREQUENCY CIRCUIT 
CONSI DERATIONS 

To achieve adequate gas exchange for both oxygenation 
and ventilation, high-frequency ventilators have unique 







CHAPTER 17 • Invasive Mechanical Ventilation of the Neonate and Pediatric Patient 


325 


design requirements. With the exception of MFV, all HFV 
devices have special patient circuit considerations. Each of 
them must do the following: 

Use very low circuit compliance to reduce compressible 
volume and increase precision of control over the small 
volumes delivered 

Have intrinsic timing mechanisms to allow breathing 
frequencies between 4 and 28 Hz (varying by device) 
Provide control over inspiratory times and circuit 
design to allow sufficient time for gas egress during 
exhalation 

• Adequately humidify gases 

Include alarms and fail-safe devices for patient safety 
As a consequence of these considerations, circuit con- 
figurations cannot be altered without careful investigation 
because function and safety are extremely sensitive to 
small changes in engineering. Piease see manufacturer’s 
manual and clinical user website for more details specific 
to the HFV you may be using. 

HUMIDIFICATION 

The humidification system is an integral part of the patient¬ 
ventilator system. When the normal heating and humidifi¬ 
cation systems of the body are bypassed or are inadequate, it 
is necessary to artificially heat and humidify the inhaled 
gases. Optimal humidity and temperature are dependent on 
the clinical situation. Usually a temperature of 37° C and a 
water content of 44 mg/L are adequate. 12 Servocontrolled, 
heated humidifiers that possess a small compressible vol¬ 
ume are used most often in neonatal and pediatric patients 
who require mechanical ventilation. 

Complications associated with these humidifiers include 
overheating and nosocomial infection. Water condensation 
in the ventilator circuit may also lead to nosocomial infec¬ 
tion as well as to the accidental drainage of water into the 
patient’s lungs. With the use of a servocontrolled heated 
wire circuit, complications are not as common as they once 
were. However, awareness of the operational characteristics 
of the humidifier and its controlling mechanisms is impor- 
tant in the ventilator management. 

CARE OF THE PATIENT 
Positioning 

As mentioned earlier, patient positioning is constrained 
with the use of invasive ventilation. The unique nature of 
the patient circuit challenges caregivers to ensure ETT 
stability. Positioning the patient appropriately by rotating 
among supine, prone, and left and right lateral decubitus 
positions remains as important during mechanical venti¬ 
lation. Protocols describing approaches to positioning 
have been described. 128 

Patient positioning is believed to play a role in reducing 
ventilator-associated complications (VAC). For example, 
semi-recumbent body positioning in adult intensive care 


unit (ICU) patients was associated with a reduction of 
common risk factors for VAC, such as gastroesophageal 
reflux and subsequent aspiration. 1 ’ In addition, semi- 
recumbent positioning (30 to 45 degrees) was associated 
with a decrease in VAC cases. However, the evidence on this 
topic is mixed. In 2006, van Nieuwenhoven et al. found 
no significant difference in the incidence of VAC related to 
elevation of the head (specifically 28 degrees vs. 10 degrees). 130 
Further, lateral rotation therapy was tested and demon- 
strated a 12% reduction in the incidence of VAC. 131 

Although evidence on head of bed (HOB) elevation in 
pediatric patients is very limited, HOB elevation between 
30 to 45 degrees for intubated infants and children is 
encouraged. In neonates, a similar effect may be achieved 
by positioning the incubator or radiant warmer mattresses 
in the reverse Trendelenburg position at an angle of 
15 to 30 degrees (rather than 30 to 45 degrees) because 
the greater angle is difficult to maintain in very small 
patients. 1 To facilitate head-of-bed elevation in pediatric 
patients, beds and cribs with adequate positioning fea¬ 
tures should be used. Furthermore, the degree of elevation 
should be measured using validated instruments or bed 
markings and documented. Because patient positioning is 
thought to play an important role in VAC prevention and 
can be achieved with little to no negative implications, un- 
less contraindications exist, elevating the HOB as outlined 
in Table 17-4 is recommended. 

Endotracheal Tube 

Nasal intubation is associated with an increase in sinusitis, 
a concern for adolescent and older patients who have fully 
developed sinuses. Sinusitis is associated with increased 
VAP rates. 133 Therefore the oral route is the preferred intu¬ 
bation site. 133 Aspiration of oropharyngeal or gastric secre- 
tions contaminated with potentially pathogenic organisms 
can occur around the ETT. Colonization of the ETT with 
bacteria encased in biofilm may result in embolization into 
the alveoli during suctioning. To minimize this risk, 
patients who are expected to have a lengthy duration of 
mechanical ventilation may benefit from placement of sub- 
glottic suction endotracheal tubes. 134 These specialty tubes, 
however, are not currently available in all sizes. The use of 
subglottic suctioning with available ETT sizes (currently 
6.0 and higher) when the ventilator course is anticipated to 
be greater than 48 hours is recommended. 

In adults, ETT cuff inflation pressure greater than 
20 cm H 2 0 has been shown to protect the lower airway 


1 TABLE 17-4 

Patient Positioning 


Age of Patient 

Position of Bed 

Neonate (<44 weeks GA) 

15-30 degrees 

Pediatric (£44 weeks GA) 

30-45 degrees 

GA, gestational age. 
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from drainage of upper airway secretions. However, a Eu¬ 
ropean multicenter randomized trial comparing uncuffed 
ETTs to the Microcuff (cuffed ETT) demonstrated that the 
Microcuff ETT could safely seal the airway at an average 
cuff pressure of 10 cm H 2 0 and certainly 20 cm H 2 0 
or less without a higher incidence of postextubation 
stridor. 135 Maintaining a cuff pressure of S to 15 cm H 2 0 
will obtain a proper seal with Microcuff ETT and 15 to 
25 cm H 2 0 with traditional cuffed ETT is recommended. 
On admission and before extubation, the cuff should be 
lowered to assess for the presence of a leak. If there is no 
leak, the provider should be notified. If pressures are 
greater than 15 cm H 2 0 for the Microcuff ETT or greater 
than 25 cm EI 2 0 for the non-Microcuff ETT, the provider 
should be notified. The use of cuffed ETT in neonates 
less than 40 weeks gestation age is not recommended 
because smaller cuffed tubes are not currently available 
(currently 3.0 or higher). The smallest cuffed ETT would 
translate into a 3.5 uncuffed ETT with current sizing rec- 
ommendation cuffed versus uncuffed ETT. 

Suctioning 

Suctioning techniques vary among institutions. One tech- 
nique consists of quickly disconnecting the patient from 
the HFV circuit, performing suctioning, and reapplying 
HFV without bagging between disconnections. Because 
suctioning can reduce lung volume by the sudden drop in 
airway pressure at disconnection and by the negative pres¬ 
sures applied during the procedure, lung derecruitment 
can occur. For some patients, this requires a temporary 
increase in Paw to regain baseline oxygenation. Closed 
tracheal suction systems with connections appropriate for 
the ventilator circuit used may be used. 

Ventilator Circuit 

Changing of ventilator circuits need only occur when 
visibly soiled or malfunctioning. 116 Condensate should 
be removed routinely, taking care to drain away from the 
patient to avoid contaminating any inline nebulizers. 
When performing ventilator care, proper hånd hygiene 
should be performed before and after each intervention 
and gloves should be worn. 136 

Airway Maintenance 

The mere presence of an ETT impairs the cough reflex and 
may increase mucus production. The suctioning smarter 
philosophy consists of suctioning only when a clinical in- 
dication arises, not on a scheduled basis. 13 Standards for 
tracheal suctioning should address catheter size, length 
of time suction is applied, suction pressure, deep versus 
shallow techniques, open versus closed techniques, saline 
instillation, lung pathology, and ventilatory mode. 

Suctioning 

Suctioning should only be considered when secretions are 
present or clinical assessment is consistent with inspissations 


of secretions. In preparation for suctioning, selection of an 
appropriate catheter size is important. It is recommended 
that the hypopharynx is suctioned before ETT suctioning. 
Some patients may require limited preoxygenation. In the 
neonatal population, limiting preoxygenation to 10% to 20% 
above baseline Fio 2 is recommended. 137 

Suction Equipment 

Open vs. Closed System Suctioning 

Research supports the use of closed system suctioning. 
Use of closed system suctioning is associated with in- 
creased catheter size and suction pressure, which contrib- 
ute to additional lung volume loss. In contrast, the use of 
open system suctioning resulted in volume loss indepen- 
dent of catheter size. 138 The potential benefits of using 
closed system suctioning include continued delivery of 
oxygen, supportive positive pressure, reduced risk of noso- 
comial infection, and reduced staff exposure. 

Inline suction catheters have been shown to be just 
as effective without breaking the ventilator circuit while 
allowing quicker resumption of ventilation and Fio 2 . Cur¬ 
rently, inline suction manufacturers recommend a 1- to 
3-day change frequency. When compared with weekly suc¬ 
tion catheter changes, there was no difference in the devel- 
opment of VAP using the 1- to 3-day change frequency. 
Further, the increased change frequency may increase the 
cost of care. 13 -' Therefore it is recommended that inline 
suction catheters are changed weekly and when malfunc- 
tioning or visibly soiled. 

To prevent volume loss, health care providers should 
limit overall procedure time, not just actual suction time. A 
study of 200 neonates, weighing less than 1000 g, revealed 
twice the recovery time with the use of open suctioning 
versus closed suctioning. 140 In a smaller pediatric-based 
study, results were similar, supporting the benefit of using 
closed suctioning. In neonates receiving high-frequency 
oscillatory ventilation, open versus closed suctioning tech¬ 
niques produced essentially equal decreases in saturation 
and heart rate. Recovery time, however, from these de¬ 
creases was significantly longer in the open suction group. 
Not surprisingly, open suctioning produced a greater lung 
volume loss. 138 

COMPLICATIONS OF 
MECHANICAL VENTILATION 

Each of the physiological effects of mechanical ventilation 
has an associated risk. Box 17-4 lists the complications 
associated with mechanical ventilation. 16 

Vo I utra u m a/Ate lectra u m a/ 
Barotrauma 

Alveolar overdistention is a primary cause of complica¬ 
tions encountered during mechanical ventilation and is a 
result of high ventilating pressures (barotrauma), large 
tidal volumes (volutrauma), and repetitive opening and 
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1 Complications of Mechanical Ventilation 


Barotrauma 


• Interventricular hemorrhage 


Volutrauma 


• Periventricular leukomalacia 


Atelectrauma 

* 

Airway complications 


Biotrauma 


• Sinusitis 


Pulmonary interstitial emphysema 


• Vocal cord injury 


Subcutaneous emphysema 


• Inadvertent extubation 


Pneumothorax 


• Retention of secretions 


Pneumomediastinum 


• Glottic injury 


Pneumopericardium 


• Glottic edema 


Pneumoperitoneum 


• Glottic stenosis 


Bronchopulmonary dysplasia 


• Glottic erosion 


Nosocomial infection 


Tracheal injury 


• Acute respiratory distress syndrome 


Tracheal erosion 


• Pneumonia 


Tracheomalacia 

• 

Patient-ventilator asynchrony 


Tracheal dilation 


• Auto-PEEP 


Tracheal-innominate artery fistula 


• Hyperventilation 


Airway obstruction 


• Respiratory alkalosis 


• Mainstem intubation 


• Increased work of breathing 


• Kinking of endotracheal tube 

• 

Noncardiopulmonary complications 

* 

Plugging of endotracheal tracheostomy tube 


• Psychological distress 

* 

Cardiovascular compromise 


• Renal dysfunction 


• Decreased venous return 


• Fluid retention 


• Decreased cardiac output 

• 

Gastrointestinal dysfunction 


Oxygen toxicity 


• Vomiting 

* 

Retinopathy of prematurity 


• Ulceration and bleeding 

• Increased intracranial pressure 


Positive end-expiratory pressure (PEEP) 


closing of the terminal lung units at low lung volumes 
(atelectrauma). Extrapulmonary air leaks, in the form 
of pneumothorax, pneumomediastinum, pneumoperi- 
toneum, and subcutaneous emphysema, are the most 
notable complications and are the result of overdisten- 
tion of alveolar and peribronchial tissues. 141 Treatment 
consists of detecting the leak, decreasing tidal volume, 
and decreasing the PEEP, relieving the leak with a chest 
tube if necessary. Permissive hypercapnia could also be a 
useful tool in the treatment of an air leak. 142 Rescue 
modes such as high-frequency jet ventilation, high- 
frequency oscillatory ventilation, and extracorporeal 
membrane oxygenation are implemented for excessive 
air leakage that is not responding during LFV. 

Overdistention also causes a decrease in static compli- 
ance, an increase in the work of breathing, an increase in 
anatomical dead space, an increase in the air leak around 
the endotracheal tube, and possible difficulties in weaning. 
As compliance diminishes, the Paco 2 may rise or fail to 
improve. To counter this, ventilation is increased, which 
may lead to further distention. 

Because volumes are smaller in the neonatal and pediat¬ 
ric patient than in the adult, avoiding and detecting over¬ 
distention are critical aspects of ventilator management. 
Alarms that may help detect this are indirect and can be 
activated by other problems. These alarms may include 


high Paw; exhaled minute ventilation and tidal volumes, 
which is useful during SIMV and other spontaneous 
modes; high peak pressure; high PEEP; high respiratory 
frequency; and inverse I/E ratio. Measures such as using 
an end-expiratory pause to look for incomplete exhala- 
tion and an increase in PEEP or to detect auto-PEEP, 
measuring optimal static compliance, inspecting pres- 
sure-volume loops to determine overdistention or exhaled 
resistance, monitoring changes in Paw, and obtaining a 
chest radiograph all help to detect overdistention. 

The formation of a bronchopleural fistula presents an 
especially challenging clinical situation. Because the vol¬ 
ume of gas delivered by the ventilator will follow the path 
of least resistance, a substantial part of the tidal volume 
will move into the pleural space during inspiration and 
escape through the chest tube. This volume is seen as the 
air bubbles through the water seal chamber of the chest 
tube drainage system, and the amount may be determined 
by noting the difference between the inspiratory and expi- 
ratory volumes. Although most bronchopleural fistulas 
are insignificant, if the leak is large enough it may result in 
inadequate ventilation and lead to ventilation-perfusion 
mismatch and further hypoxemia. Conventional treat¬ 
ment consisting of low pressures and volumes allowing 
permissive hypercapnia and allowing the patient to breathe 
spontaneously as much as possible may aid in decreasing 
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flow through the fistula and facilitate its closure. When 
this is not possible in patients with severe ventilation 
problems, nonconventional modes of treatment may be 
needed. Independent lung ventilation or high-frequency 
ventilation may be considered, as may the use of valves to 
occlude the chest tube during inspiration. 143,144 

Cardiovascular Complications 

Reduced cardiac output from cardiac septal deviation, 
increased pulmonary vascular resistance, reduced ve- 
nous return, and reduced myocardial biood flow is a 
complication of mechanical ventilation. In most cases, it 
is a result of increased intrathoracic pressures. In the 
neonatal and pediatric patient it can usually be pre- 
vented by increasing the circulating fluid volume. 109,145 
Vasopressor drugs may also be used to maintain cardiac 
output during ventilation regimens that include high 
distending volumes. 102 An increase in intrathoracic pres¬ 
sure may be applied in some clinical situations to reduce 
left-to-right shunting, raise pulmonary vascular resistance, 
and impede pulmonary biood flow. See Chapter 24 for 
more details. 

Oxygen Toxicity 

Oxygen toxicity is another concern during mechanical 
ventilation. High Fio 2 levels that have been applied for an 
extended period may result in tissue injury that alters 
lung function and gas distribution. 101 High Fio 2 levels 
have also been associated with an increase in chronic lung 
disease and retinopathy of prematurity among low-birth- 
weight infants. 146 Incorporating a high Fio 2 alarm and 
minimizing the Fio 2 to the level necessary to attain ade- 
quate tissue oxygenation, as well as using pulse oximetry 
and biood gas monitoring, are essential in attempting to 
prevent tissue damage. Most use an Fio 2 algorithm to help 
them determine the need to make mechanical ventilation 
interventions. 

Hypoventilation/Hyperventilation 

The primary cause of hypoventilation during mechani¬ 
cal ventilation is disconnection from the ventilator 
and accidental extubation. 147,148 Care must be used when 
moving the patient connected to a ventilator, especially 
during transport and patient care procedures such as 
chest physiotherapy. A low-pressure or disconnect alarm 
is essential to alert the clinician when this occurs. Hy¬ 
poventilation may also result from high impedance to 
inflation, which can be due to high resistance (resulting 
from anatomical, pathological, or circuit design) or loss 
of pulmonary compliance. 149 A low-volume monitor will 
detect these changes. Underventilation can be avoided by 
calculating effective tidal volume or airway monitoring 
of ventilation variables, routinely monitoring or calcu¬ 
lating compliance and resistance, monitoring pressure- 
volume and flow-volume loops, and using sufficient 
driving or working pressures to minimize attenuation of 


the inflating flow waveform. An AP chest radiograph also 
may be helpful in detecting underaeration. 

Hypoventilation may also be related to “operator error” 
in establishing ventilation. Hypoventilation caused by 
minute ventilation, frequency, volume, or flow rate that is 
insufficient to meet inspiratory demand results in in¬ 
creased work of breathing and muscle fatigue. These con- 
ditions may also be present when weaning from the venti¬ 
lator and may cause weaning failure. The alert patient may 
communicate feelings of respiratory distress. Retractions, 
use of accessory muscles, head bobbing, and a 10% to 20% 
increase in heart rate and spontaneous respiratory fre¬ 
quency are clinical signs of insufficient ventilation. In a 
sedated, paralyzed, or critically ill patient, however, this 
problem may not be as evident. Using pressure-volume 
and flow-volume loops, monitoring carbon dioxide pro- 
duction and oxygen consumption, and obtaining other 
measurements such as a diaphragm electromyogram may 
help detect this problem. Ensuring that the initial inspira¬ 
tory flow rate meets the patient’s inspiratory demand is 
usually the best method of avoidance. 150,151 An example 
of a pressure-volume loop demonstrating insufficient 
flow caused by insufficient driving pressure during PSV 
is shown in Figure 17-20. Figure 17-21 shows the effect 
of a faulty flow transducer on a diaphragm electromyo¬ 
gram tracing during PSV, leading to increased work of 
breathing. 

Hyperventilation can also be a problem if the patient’s 
lung compliance improves (i.e., through surfactant admin¬ 
istration or prone/supine positioning) in a pressure control 
or pressure support mode. Autocycling of the ventilator as 
a result of endotracheal tube leak, secretions in the circuit 



DP = 32 cm H 2 0 



Pressure (cm H 2 0) 

FIGURE 17-20 An example ofa pressure-volume loop demon¬ 
strating insufficient flow caused by setting the driving pressure 
(DP) too low during pressure-support ventilation ofa ch ild. With 
DP set at 27 cm H 2 0, the peak pressure (top right-handcomerofthe 
loop) is reached at the end of inflation. With the DP set at 32 cm 
H 2 0, the peak pressure is reached early during inflation (lower 
right-hand comerofthe loop). Note the perpendicular right side of 
the loop. 
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FIGURE 17-21 A recording of the electromyographic (EMG) 
signal shows muscle activity to initiate inflation during pressure- 
support ventilation. The flow transducer on this ventilator is 
defective, and the electromyogram shows abnormal muscle activ¬ 
ity, not seen by clinical observation, at the end of inflation to stop 
the breath. Transdiaphragmatic pressure measurements would 
also help detect this situation. 


or flow sensor, and inappropriate sensitivity setting can 
lead to hyperventilation. Hyperventilation and low carbon 
dioxide in low-birth-weight infants can result in cerebral 
vasoconstriction, which can cause a cystic brain lesion 
called periventricular leukomalacia. 15 * 1 Close monitoring 
of transcutaneous carbon dioxide levels, sensitivity, tidal 


volume, and minute ventilation with alarms has proved to 
be useful in reducing this problem. 


MONITORING DURING 
LOW-FREQUENCY MECHANICAL 
VENTILATION 

Monitoring effective ventilation is accomplished by using the 
techniques discussed previously. Box 17-5 lists monitoring 
applications as they apply to pediatric mechanical ventila¬ 
tion. Most ventilators monitor airway pressures, flow, ventila- 
tory frequency, tidal volume, and minute volume. Essential 
aspects of monitoring include the following: 

Calculation of effective tidal volume or ensuring a 
properly calibrated ventilator 

Close observation of the patient for clinical signs of 
adequate ventilation as well as respiratory distress, such 
as chest expansion and retractions 

Noninvasive methods of determining oxygenation and 
ventilation status, such as pulse oximetry, transcutaneous 
monitoring, and end-tidal carbon dioxide monitoring 
Direct measurement of biood gas values 
Figure 17-22 demonstrates possible problems detected 
with an end-tidal carbon dioxide monitor. 115,153 

Esophageal Pressure Monitoring 

Some ventilators have the ability to monitor esophageal 
pressure. Esophageal pressure monitoring uses an air- 
filled, balloon-tipped catheter placed in the midsection of 
the esophagus, where pleural pressure measurements can 
be closely estimated. Esophageal pressure measurements 
can be extremely helpful in understanding the physiology 
of the respiratory system during mechanical ventilation. 154 
It is essential that proper placement of the balloon cathe¬ 
ter be confirmed in order to accurately measure esophageal 
pressure. These pressure measurements can be displayed 


Monitoring Applications in Neonatal and Pediatric Mechanical Ventilation 


Box 17-5 


MEASURED VENTILATOR VARIABLES 

• Effective tidal volume (calculated — LFV only) 

• Minute ventilation (calculated - LFV only) 

• Mean airway pressure (Paw) (Directly measured — All) 

• Low-high positive end-expiratory pressure (PEEP) (Directly 
Measured — LFV, HFPV, and HFJV only) 

• High peak pressure (Directly measured — LFV, HFPV, and 
HFJV only) 

• Fraction of inspired oxygen (F 1 O 2 ) (Directly measured — All) 

• Pause pressure (Directly measured — LFV only) 

• Inspiratory-to-expiratory ratio (Directly measured — all) 

• Pressure waveform (Directly measured and displayed — LFV 
and HFPV only) 

• Flow waveform (Directly measured and displayed — LFV only) 

• Static compliance (Calculated — LFV only) 

• Dynamic compliance (Calculated — LFV only) 

• Airway resistance (Calculated — LFV only) 

• Maximal inspiratory occlusion pressure (Measured — LFV only) 


• Maximal expiratory occlusion pressure (Measured — LFV only) 

• Maximal minute ventilation (Measured — LFV only) 

• Vital capacity (Measured — LFV only) 

• Oscillatory/amplitude/jet peak inspiratory pressure 
(Measured — HFV only) 

SUPPLEMENTAL MONITORS 

• Pulse oximetry 

• End-tidal carbon dioxide with or without volumetric 

• End-tidal carbon dioxide to Pacc >2 gradient 

• Transcutaneous carbon dioxide 

• Pressure-volume loop 

• Esophageal pressure 

• Transpulmonary pressure 

• Dead space-to-tidal volume ratio 

• Ineffective-to-effective tidal volume ratio 

• Work of breathing 

• Pressure-time product 

• Pressure-time index 
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FIGURE 17-22 End-tidal carbon dioxide recordings. A, Abrupt 
disconnection from the ventilator. B, Fal I i ng partial pressure of 
end-tidal carbon dioxide (PETCO 2 ), possibly from an increase in 
tidal volume or, if Pacc >2 is unchanged, a reduction in pulmonary 
biood flow from overdistention or low cardiac output. C, Damp¬ 
ened waveform from severe air flow obstruction or side stream 
sampling tube obstruction. D, System leak or secretions in the 
sampling chamber. 


graphically or incorporated into a number of pulmonary 
mechanics calculations. Calculations that require esopha- 
geal pressure include chest wall compliance, lung compli- 
ance, transpulmonary pressure, work of breathing, change 
in esophageal pressure, and auto-PEEP. In adults with 
ARDS, management of ventilation and PEEP by transpul¬ 
monary pressures has been shown to be superior to the 
ARDSNET protocol. 155 


Evaluation of the esophageal pressure waveform can be 
compared graphically with other ventilator graphics and 
provides important clinical information regarding interac- 
tions between the patient and the ventilator. Esophageal 
balloon technology can also guide the clinician during dif- 
ficult weaning from mechanical ventilation without in- 
creased patient intolerance. 156 

Estimating Lung Volumes 

At present, the ability to determine whether ventilator 
breaths are delivered at, below, or above their ideal functional 
residual capacity is deduced from surrogate measurements, 
including lung appearance on the chest radiograph, vital 
sign trends (particularly oxygenation), and dynamic pres¬ 
sure-volume (P-V) curves generated by modern ventilators. 

Automated Slow Flow Rate Pressure- 
Volume Curves 

Pressure-volume curves can provide important informa¬ 
tion about the compliance of the respiratory system 
when supporting mechanically ventilated patients with 
restrictive lung diseases. Ventilators have incorporated 
automated slow-flow or “quasi-static” P-V curves that 
use a slow inspiratory flow rate delivered during a single 
breath. This method reduces the pressure increase caused 
by the resistive elements (endotracheal tube, high 
flow rates) and more closely approximates the alveolar 
pressure. 

The slope of the line is measured to determine compli¬ 
ance of the respiratory system (line C, Figure 17-23). These 
technologies also provide algorithms that measure the upper 
and lower inflection points of a nonlinear respiratory system 
compliance curve. These points represent areas on the P-V 



FIGURE 17-23 Pressure-volume curve as determined by the super-syringe method. 
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loop during lung inflation and deflation, where there is a 
substantial decrease in compliance. Figure 17-23 shows three 
lines that comprise the inflation limb (lower curve) of a static 
P-V curve. Line B represents an area of low compliance re- 
lated to the opening of atelectatic lung units early during 
inflation of the lung. The point at which the slope of the line 
changes (where line A intersects line B) reflects an area where 
there is an acute improvement in compliance; this is known 
as the lower inflection point. Mechanical ventilator practices 
that adopt an “open lung approach” set PEEP to a pressure 
just above the lower inflection point. In theory, as long as the 
PEEP is set above the lower inflection point on the inflation 
or deflation limb, then oxygenation improves by resolving 
atelectasis and increasing the functional residual capacity. 
Lung injury can also be reduced because the patient is 
ventilated above the closing pressure of the lung and thus 
repetitive cycling of the lung at low volumes decreases atelec- 
trauma. Figure 17-23 also distinguishes a second point 
where compliance decreases (where line A intersects line C); 
this is known as the upper inflection point. This point repre¬ 
sents overdistention of the respiratory system. Ventilator 
pressures and/or tidal volume settings can be set below this 
point to avoid lung overdistention or volutrauma. 

Nitrogen Multiple Breath Washout 
Technique 

Nitrogen multiple breath washout technique has been used 
in a number of clinical studies and is considered to 
be the “gold standard” in the measurement of lung 
volume. 1 " 17 ' 160 At present, the most accurate way to measure 
the volume of the lung is through dilution of a known 
amount of a gas with low solubility by rebreathing in a 
closed system. The changes in concentration with sequen- 
tial breaths allow calculation of the volume of distribution 
of the gas. One gas that has been used for this purpose is 
nitrogen, 161 appealing because of its ubiquitous presence in 
the environment. Measurement of nitrogen gas concentra- 
tions, however, is available only by gas chromatography or 
mass spectrometry, neither of which is clinically practical. 
A technique has been validated by which the partial pres¬ 
sure of nitrogen is calculated as the residual of partial pres¬ 
sures of oxygen gas, carbon dioxide gas, and nitrogen gas, 
which together comprise the only three important gases in 
a ventilator circuit. The former two gases are readily mea- 
sured in a ventilator circuit in real time but of course vary 
widely with the metabolic State of the patient. Olegård and 
coworkers have developed the nitrogen multiple breath 
washout technique to calculate FRC on the basis of changes 
in exhaled oxygen and carbon dioxide, manipulating in¬ 
spired oxygen concentration to alter fraction of inspired 
nitrogen. 162 Measurement of FRC by this methodology in a 
lung model of known oxygen consumption and lung 
volumes 162 revealed excellent precision (mean FRC, 103% 
± 5%) even when using incremental changes in Fio 2 from 
0.9 to 1.0. Measurement in adult patients with respiratory 
insufficiency also revealed excellent precision. 


MONITORING DURING 
HIGH-FREQUENCY VENTILATION 

As during CV, the frequency of biood gas sampling is re- 
lated to the patient’s clinical status. Biood gas measure- 
ments should be obtained frequently during the early 
course of ventilatory management and in patients in extre- 
mis (e.g., every 1 to 4 hours). Intervals between samples 
should be increased as clinical conditions improve. For 
trending purposes, pulse oximetry and transcutaneous Po 2 
and Pco 2 monitoring should be used. Because of rapid 
changes in Paco 2 noted especially during initial F1FV man¬ 
agement, transcutaneous monitoring is strongly recom- 
mended. There is no alteration in performance of these 
noninvasive gas exchange methods for patients receiving 
HFV. 163 

WEANING FROM MECHANICAL 
VENTILATION 

Low Frequency 

Initiation 

Weaning is the gradual process by which mechanical ventila¬ 
tion is discontinued and the patient resumes spontaneous 
breathing. The process may be rapid or slow, depending on 
the individual clinical situation. It is difficult to define at 
exactly what point during mechanical ventilation the wean¬ 
ing process should begin; however, most would agree that 
ideally it is after significant resolution or reversal of the 
pathological condition for which it was initiated. Before 
weaning begins, the patient’s condition should be stable 
and the patient should be receiving adequate nourishment 
and be able to breathe spontaneously and maintain a 
clinically acceptable Paco 2 . The ventilator should be on ac¬ 
ceptable settings: usually PEEP less than 8 cm F1 2 0; peak 
pressure less than 30 cm H 2 0; ventilator rate less than 
20 breaths per minute for a neonate, 15 breaths per minute 
for an infant/toddler, and 10 breaths per minute for a child 
or adolescent; and Fio 2 less than 0.4 to O.5. 26, 149,153,164,165 

Various methods exist for measuring respiratory mus- 
cle endurance and predicting successful weaning. Simple 
observations such as accessory or paradoxical muscle ac- 
tivity, respiratory rate, tidal volume, and minute ventila¬ 
tion are the first indicators of weaning readiness. 166,167 An 
increase in respiratory frequency of 15% to 20% or a reduc- 
tion in tidal volume is associated with impending fatigue. 
Maintaining normal or clinically acceptable Paco 2 with 
normal minute ventilation (0.5 to 1 L/min for an infant to 
4 to 9 L/min for an adult) would indicate that the patient 
might tolerate weaning. Normal carbon dioxide produc- 
tion in an infant is 6 ml/kg/min, and it is 3 ml/kg/min in 
an adult. 168 Excessive carbon dioxide production indicates 
a hypermetabolic State and may be corrected by adjusting 
nutritional elements to lower the respiratory quotient. 
Another helpful determinant of the ability to wean is the 
V D /V T ratio. The normal value is 0.3; however, intubation 
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and mechanical ventilation may alter this. A value of less 
than 0.6 to 0.7 may predict successful weaning. Another 
clinically measurable variable that roughly approximates 
the V D /V X ratio is the ineffective-to-effective tidal volume 
ratio. Abnormal values may indicate continued pulmonary 
or cardiac dysfunction. Measurement of the end-tidal 
carbon dioxide to Paco 2 gradient may also help detect con¬ 
tinued pulmonary or cardiac dysfunction. In this case, 
cautious weaning may be indicated, although resolution 
of the clinical condition is most likely indicated. 164 

Other predicting factors may also be considered. A flow- 
volume loop may help discover impedance to inspiratory or 
expiratory flow that will precipitate fatigue. A pressure- 
volume loop may help determine work of breathing and 
evaluate various weaning modes. Measurements of dy- 
namic and stade compliance, resistance, transpulmonary 
pressure tracing, work of breathing, respiratory time frac- 
tion, the pressure time product (PTP), and the pressure 
time index (PTI) are useful variables in monitoring the 
course of weaning. The PTP reflects the metabolic work of 
the respiratory system and is an electronically integrated 
value derived from tidal volume, compliance, esophageal 
pressure, and duration of the breath. 169 The PTI combines 
the PTP and the respiratory time fraction and correlates 
direetly with muscle fatigue and oxygen consumption. 170 
Spontaneous maximal inspiratory and expiratory occlu- 
sion pressures may also be of value. These measurements 
are routine weaning values in many adult units, along with 
maximal spontaneous minute ventilation and vital capac- 
ity measurements. Unlike these measurements, however, 
occlusion pressure measurements do not require that a 
patient understand the breathing techniques necessary to 
effectively determine the values. 

Concepts of Weaning 

The basic weaning techniques used in neonates and pedi¬ 
atric patients include CPAP, SIMV, and PSV. Using CPAP 
during weaning is common among pediatric patients. The 
positive airway pressure is used to provide the physiologi- 
cal PEEP, which is bypassed when the patient is intu- 
bated. 1 1 Two techniques for using CPAP are practiced. 
The first is applied when there is sufficient respiratory 
drive and endurance but the physiological effeets of PEEP 
are still required. In this case, the CPAP is gradually re- 
duced during the weaning process. The second technique 
is a postoperative weaning technique. The usefulness of 
this technique in pediatrics may be limited, however, be- 
cause of the high resistance of the small-diameter airways. 
It may occasionally be employed to build respiratory mus¬ 
cle endurance by using a bias flow during short-duration 
exercises alternating with long periods of complete rest. 
The exercise periods are slowly inereased as the resting 
periods are decreased. The process continues until the pa¬ 
tient can breathe without support for a specified time. 
This technique is typically used only when the goal is to 
wean the patient to intermittent periods off the ventilator, 


such as with certain neuromuscular diseases or quadriple- 
gia or in preparation for phrenic nerve pacing. 

SIMV involves a gradual decrease in the ventilator fre- 
quency, usually in inerements of 2 to 5 breaths per minute. 
As the ventilator rate is reduced, the patient is required to 
contribute more spontaneous efforts to the overall ventila¬ 
tion frequency. How quickly the SIMV rate is decreased 
depends on assessment of the patient’s clinical status and 
biood gas values. The more slowly the process is per- 
formed, the more time the patient has to acclimate to less 
ventilator support. Factors such as ventilator system resis¬ 
tance, a sluggish demand valve, an inappropriately sized 
endotracheal tube, or insufficient inspiratory flow may af- 
feet the success of weaning with SIMV. Weaning with 
SIMV is generally uncomplicated and is usually successful 
in older patients with endotracheal tube sizes large enough 
to minimize excessive inspiratory resistance. When wean¬ 
ing patients with smaller tube sizes, the goal is to wean to 
a rate of 20 breaths per minute for an endotracheal tube 
less than 3.5 mm (internal diameter), 15 breaths per min¬ 
ute for endotracheal tube sizes of 4.0 to 5.0 mm, and 10 
breaths per minute for anything greater than a 5.0-mm 
tube, and then extubate. When using continuous flow, a 
common practice is to set a standard flow rate on all venti¬ 
lators in the neonatal patient population. Figure 17-24 
shows the relationship of continuous flow to resistance. 
The smaller the diameter of the endotracheal tube, the 
more likely that changes in flow rate influence exhaled re¬ 
sistance. Using a rate less than those just stated is thought 
to contribute to fatigue and unsuccessful weaning because 
of endotracheal resistance. 

Weaning with PSV provides sufficient positive pressure 
to minimize the metabolic requirements for ventilation 
during weaning. 26,61,164,167 In addition, PSV allows the pa¬ 
tient to initiate the breath, preventing atrophy of the inspi¬ 
ratory muscles. Figure 17-25 illustrates a pressure-volume 
loop and other respiratory variables used to evaluate the 


PSV CPAP 



P P 

FIGURE 17-24 Pressure-volume loops of an infant during 
weaning, demonstrating the effeetiveness of using 5 cm H 2 0 of 
PEEP and 1 cm H 2 0 of pressure-support ventilation instead of 
using 10 cm H 2 0 of continuous positive airway pressure (CPAP). 
f Frequency (breaths/min); P, pressure; PSV, pressure-support 
ventilation; V T , tidal volume. 
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Mean airway pressure (cm H 2 0) 

FIGURE 17-25 Mean arterial-to-alveolar oxygen tension ratio 
[P(a-a)C> 2 ] and Paw of 21 premature infants managed with 
HFOV immediately after surfactant replacement. Note that in- 
creasing Paw initially results in increased P(a-a)02 (alveolar re- 
cruitment); subsequent Paw weaning does not reduce oxygen- 
ation but is associated with gradual improvement in P(a-a)0 2 . 
The line between points b and c represents silent lung recruitment 
as assessed by improving P(a-a)C >2 Paw with essentially stable. 
( a ) Surfactant replacement; (b) 1 2 hours later; (c) 1 2 to 24 hours 
later; ( d ) 24 to 48 hours later; (e) 48 to 72 hours later; and 
(f) 72 to 96 hours later. 

effect of PSV and CPAP on an infant who is proving diffi- 
cult to wean. Once weaning is indicated and PSV is se- 
lected, the pressure support level should be adjusted to 
deliver a tidal volume of 3 to 4 ml/kg. Frequency should be 
monitored and the driving pressure adjusted to attain an 
appropriate flow rate. Once satisfactory volume, flow, and 
frequency are set, the pressure support level can be reduced 
in increments of 2 to S cm H 2 0. While at a higher pressure 
level, the patient contributes only the muscle work re- 
quired to trigger the inflation. As the pressure is reduced, 
the patient progressively shares more of the work of 
breathing. 142 The pressure support should be weaned at a 
rate that is reasonable for each clinical situation. Endotra- 
cheal or tracheostomy tube leaks can hinder this progress. 
The patient who has been mechanically ventilated for only 
a short time, such as the stable postoperative patient, can 
be weaned at a rapid pace. The patient who has undergone 
long-term mechanical ventilation requires patience and 
persistence in reducing the support level by only 1 or 2 cm 
H 2 0 over a longer period, such as a day or even a week. In 
these patients, weaning can be slowed by clinical events 
such as a viral illness or fluid and electrolyte imbalance. 
Once these clinical conditions are resolved, usually wean¬ 
ing can be continued with a successful outcome. 26 

High Frequency 

Initiation 

At this stage of HFV development, weaning remains a chal- 
lenge. Weaning ventilation is for the most part simple. 
Minute ventilation can be weaned by reducing oscillatory 
amplitude during HFOV and by decreasing peak pressure 


and on-time with HFJV. Changes in ventilation rarely have 
an impact on oxygenation because lung volume is pre- 
served. Conversely, weaning Paw with improving compli- 
ance and increasing lung inflation is less straightforward. 
Radiographic assessment of lung volume and Fio 2 may 
provide empirical information guiding management suf- 
ficiency. The well-inflated lung requires a reduction in 
mean pressure to avoid the negative consequences of exces¬ 
sive lung volumes. However, too rapid a reduction in dis- 
tending pressures can cause alveolar derecruitment in the 
unstable lung, and reinflation will be necessary. In general, 
Paw should be reduced slowly (1 to 2 cm H 2 0) every 2 to 
3 hours as long as there are no signs of overdistention 
(suggesting much more rapid decreases are necessary) 
or alveolar derecruitment (decrements in oxygenation). 
By taking advantage of lung hysteresis, gradual reductions 
in mean pressure generally do not cause significant 
changes in oxygenation or, by inference, lung volume 
(see Figure 17-25). Simple and reproducible bedside mea- 
sures of lung volume are on the horizon. The application 
of these techniques to weaning may be useful in the future. 

Radiographic assessment of lung volume takes consid- 
erable practice. The novice is cautioned that although, in 
general, lung volume can be assessed by counting the 
number of posterior ribs seen above the diaphragm, radio- 
graphs of neonates are usually anterior-to-posterior views 
and counting ribs requires the juxtaposition of an anterior 
structure (the diaphragm) against a posterior structure 
(the rib interfacing with the diaphragm). This method 
assesses a three-dimensional object (the lung) with a two- 
dimensional picture (the radiograph) and is vulnerable to 
technician-selected focus angles. It is possible, then, to 
underestimate or overestimate inflation. 

The present inability to routinely measure lung volume 
or compliance at the bedside and the ease with which ac¬ 
ceptable oxygenation is achieved with relatively high Paw 
can confuse the clinician about the speed with which 
weaning should occur. Experience seems to be the best 
teacher in this situation. The consequences of failing to 
wean the patient quickly enough are significant pulmo- 
nary overdistention and impairment of cardiac output. In 
neonates, this complication can increase the risk of intra- 
cranial hemorrhage because venous return from vessels 
draining the head is impeded and venous hypertension 
and vessel rupture can ensue. Conversely, rapid weaning 
of Paw can result in alveolar derecruitment requiring 
reinitiation of lung recruitment procedures. 

TROUBLESHOOTING 

The approach to troubleshooting does not differ from that 
of LFV or HFV. Either deterioration of the patient’s vital 
signs or a ventilator alarm may alert the clinician. In either 
circumstance, it is necessary to ensure that the patient is 
in no further jeopardy before proceeding with a detailed 
troubleshooting procedure. High-frequency ventilators are 
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dependent on patient airway caliber for adequate volume 
delivery. A change in airway diameter (e.g., by accumulation 
of secretions or by migration of the tip of the ETT against 
the tracheal wall) may significantly reduce delivered vol- 
umes. The first step should be a quick assessment of chest 
wall movement. If chest wall motion is substantially de- 
creased, a brief use of manual ventilation while trouble- 
shooting the airway and ventilator may dramatically im- 
prove the situation. Steps should be taken to correct any 
problems with the ETT lumen or position (i.e., suctioning, 
chest radiograph). 

Like LFV, there are conditions in which EIFV techniques 
are not uniformly successful. HFV seems especially vulner- 
able to the State of myocardial performance. In patients 
with poor cardiac output (e.g., decreased intravascular vol¬ 
ume or reduced contractility), lung inflation with high Paw 
can result in abrupt and serious cardiac output impairment. 
Ensuring the adequacy of cardiac output before initiating 
HFV can mitigate this. Low-volume strategies will have less 
impact on cardiac output. For this reason, HFJV is success¬ 
ful during cardiac surgery and in circumstances in which 
lung compliance is normal and cardiac output is reduced. 22,23 

Because a relatively high MLV is necessary for HFOV, 
this technique is not optimal for use in normal lungs. 
Furthermore, in conditions in which airway resistance is 
increased, such as fresh particulate meconium aspiration, 
bronchopulmonary dysplasia, and reactive airway disease, 
HFOV may not be optimal. Because of the tremendous 
impedance to flow created by reductions in airway lumen 
with these disorders (thus increasing pulmonary time con- 
stants), decreases in delivered tidal volume or gas trapping, 
or both, cause derangement in gas exchange. In contrast, 
HFJV or HFPV using larger tidal volumes and lower breath- 
ing frequencies may be more efficacious in conditions in 
which airway time constants are pathologically prolonged. 
These impressions are based on theoretical considerations 
and anecdotal experiences. Extensive controlled data sup- 
porting these contentions are not currently available. 

Each ventilator manufacturer has developed detailed ap¬ 
proaches to troubleshooting the mechanical problems of its 
own device, and these recommendations should be followed, 
tempered by actual clinical experience. A regular preventive 
maintenance program will help reduce mechanical failures. 

ADVANCING CONCEPTS 
Low-Frequency Ventilation 

Advances and improvements in technologies and practices 
such as high-frequency ventilation, nitric oxide, corticoste- 
roids, prone positioning, permissive hypercapnia, extracor- 
poreal membrane oxygenation, and surfactant replacement 
all influence future design and approaches to convention- 
ally ventilating the neonate and pediatric patient. 

Automated regulation of the inspired oxygen (closed- 
loop Fio 2 ) is a novel concept that is likely to be on the hori- 
zon for use in the near future. This feature requires the 


clinician to set a patient saturation range (e.g., 85% to 92%) 
on the ventilator. A pulse oximeter is attached to the 
patient, and signal extraction software within the ventila¬ 
tor obtains these measurements from the oximeter probe. 
If the saturation measurement increases above or below the 
target range, then the ventilator will adjust the Fio 2 in order 
to keep oxygen saturations within the prescribed range. 
This can potentially reduce the frequency of hypo- or hy- 
peroxic episodes in very low birth weight infants receiving 
mechanical ventilation. It has been speculated that long- 
term closed-loop Fio 2 control may reduce clinician time 
spent to maintain adequate oxygenation and reduce the risks 
of morbidity (retinopathy of prematurity and bronchopul¬ 
monary dysplasia) associated with supplemental oxygen and 
frequent episodes of hypoxemia and hyperoxemia. 170 

Ventilators are increasingly becoming “partial support” 
in that they must work dynamically with the patient. Pro¬ 
portional assist ventilation is an innovative new mode of 
ventilation that is currently being investigated for neonatal 
and pediatric mechanical ventilation. This mode uses an 
algorithm that varies pressure support or pressure control 
levels on the basis of patient effort and changes in patient 
elastic and resistive loads during inhalation and exhalation. 
Preliminary work suggests that this mode may result in 
improvements in patient synchrony, oxygenation index, and 
overall cardiovascular stability. New-generation ventilator 
companies are incorporating many modes, triggers, and 
graphics to help the clinician pick and choose what is best 
for an individual patient’s needs. This fosters a dynamic re- 
lationship between the ventilator and patient. Negative- 
pressure ventilation is also finding its way back into the 
critical care setting. Cardiopulmonary interactions are be¬ 
ing investigated in children after simple cardiac surgery. 172 

Electrical impedance tomography (EIT) capitalizes 
on changes in impedence in air-filled versus tissue-filled 
spaces to characterize and quantify regional distribution 
of lung volumes at the bedside. Significant work has been 
done to validate this technology in animals ! 3 and in 
humans. 1/4,17i This monitoring system uses a series of 
16 electrodes placed across the patient’s chest (Figure 17-26). 
Through complex algorithms, the impedance signal is 



FIGURE 17-26 Electrical impedance tomographic images are 
created with a series of electrodes placed across the chest, each of 
which sends and receives electrical impulses from one another. 
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FIGURE 17-27 Computed tomography (CT) and electrical impedance tomography (EIT) images in a 
patient with acute lung injury. Note that the EIT image provides functional and anatomical information 
regarding the presence of ventilated lung fields. 


extracted and integrated to show a two-dimensional image 
(Figure 17-27). This has been shown to correlate with 
clinical and radiographic changes in patients. 174 In 10 me- 
chanically ventilated adults with ARDS, end-expiratory 
lung volume as determined by nitrogen washout corre- 
lated well with end-expiratory lung impedance. 174 The abil- 
ity to estimate lung volume noninvasively and in real time 
may aid in mechanical ventilator techniques designed to 
improve outcomes in patients with lung injury. Wolf and 
colleagues published the finding of their EIT-guided venti¬ 
lation in an acute lung injury animal model. 176 This guided 
ventilation technique shows promise and will be studied 
further in humans. 

There is a growing body of evidence regarding exhaled 
breath condensate changes in airway lining fluid (ALF) pH 
in acute and chronic respiratory diseases that are charac- 
terized, at least in part, by inflammation. It has been dem- 
onstrated that the pH of ALF is low (acidic) in multiple 
pulmonary inflammatory diseases, including asthma, 177 
cystic fibrosis, 178 pneumonia, and ARDS. 179 ' 181 This pH 
measurement can be detected continuously, safely, and 
noninvasively in exhaled breath condensate (EBC). 182 The 
pH of EBC may be a safe, noninvasive screening tool for 
progression of ARDS and of lung recruitment. It has been 
shown to predict respiratory failure and impending respi¬ 
ratory infection. 117 Figure 17-28, a histogram of a patient 
with severe asthma, demonstrates an acidic EBC pH that 
improves as the patient’s exacerbation subsides. A contin- 
uous exhaled breath condensate pH collection and assay 
system (ALFA monitor; Respiratory Research, Austin, TX) 
consists of a condenser attached to the expiratory limb of 
the ventilator. Exhaled breath condensate is collected con¬ 
tinuously from the expiratory port and condensed in a 
cooling chamber, and carbon dioxide is removed and col¬ 
lected in an inferior chamber where pH is continuously 
read. This yields a continuous, responsive measure from 



FIGURE 17-28 Sample tracing of exhaled breath condensate 
(EBC) pH over time in an intubated 14-year-old child with 
asthma. Note the responsiveness of EBC pH to the patient’s 
improving condition. 

ventilated patients, which (1) takes samples from an 
exhaust port on the outside of the ventilator circuit and 
(2) adds no measurable resistance to the ventilator circuit. 
The measurement of EBC in patients with lung injury may 
serve as an early marker of lung health. 

High-Frequency Ventilation 

The learning curve for these techniques continues to 
progress. Clinicians using HFV early in patients with 
respiratory distress syndrome believe that hospital 
courses are reduced and significant pulmonary morbidity 
is decreased. 12,90,183,184 The impact of HFJV on patients 
with PIE has been clearly demonstrated. 88 The precise 
role of HFV with respect to long-term outcome and cost 
of care continues to be defined. The availability of exog- 
enous surfactant replacement, newer modes of CV for 
primary management, and ECMO and inhalational nitric 
oxide for patients with intractable respiratory failure con- 
tinue to affect HFV use. 18,184 ' 18 ' Ongoing investigations 
into the held of liquid ventilation, particularly partial 
liquid ventilation, are likely to stimulate new applications 
and enhance patient outcomes. 
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KEY POINTS 


• The mechanical ventilator is a lifesaving piece of 
equipment and should be maintained as if your 
life depended on it. Rememberthat ventilators 
require calibration, preventative maintenance, 
and proper cleaning to ensure the best respiratory 
support. 

• An ounce of prevention is worth a pound ofa cure. 
Mechanical ventilation should only be provided for as 
long as it is needed. All steps should be taken by the 
respiratory care practitioner to minimize ventilator- 
associated lung injury or adverse events. 

• No one mode of ventilation has been shown to be 
superior to another. It is vitally important that no 
matter what mode of ventilation you choose, you know 
all the management strategies associated with good 
outcomes. 

• The HFV choice of strategy (high or low lung volumes) 
is lung disease specific. Although simplistic, it is rea- 
sonable to try to inflate an underinflated lung and 
deflate an overinflated or air-trapped one. 

• Auto-PEEP is the difference between alveolar 
pressure and external airway pressure at end 
expiration. 

• Simply stated, the goal of PEEP therapy is to improve 
oxygenation by increasing FRC through maintenance 
of airway patency and alveolar recruitment. 

• Lowering the HFV frequency may improve ventilation. 



ASSESSMENT QUESTIONS 


See Evolve Resources for answers. 

Low-Frequency Ventilation 


1. Which ofthe following issues would most likely explain 
why a newborn infant’s measured respiratory rate 
would rise from 40 to 100 breaths/minute on a 
ventilator after the patient was turned and an audible 
endotracheal tube leak was heard? 

A. Pneumothorax 

B. Auto-cycling 

C. Secretions 

D. Bradypnea 

2. A 10-year-old child is intubated and receiving 
mechanical ventilation. The tidal volume is set at 
280 ml, the peak airway pressure is 38 cm H 2 0, the 
plateau pressure is 20 cm H 2 0, and the PEEP is 5 cm 
H 2 0. The tubing compliance factor is 1.5 ml/cm 
H 2 0. What is the actual delivered V T to this patient 
if the ventilator did not compensate for compressible 
volume loss? 

A. 255 ml 

B. 157 ml 

C. 230 ml 

D. 330 ml 


3. A term infant is being invasively ventilated in pressure- 
targeted SIMV mode of ventilation, set rate is 16, PIP 
pressure is 18, PEEP 4, inspiratory time is 0.4, and Fio 2 is 
.30, and the physician would like to wean the infant from 
the ventilator. The clinician has tried turning the patient’s 
set rate on SIMV down to 10 breaths/minute, but the in¬ 
fant immediately becomes tachypneic and desaturates to 
85%. Which ofthe following should be done at this time? 

A. Increase the PEEP 

B. Initiate pressure support ventilation 

C. Increase the inspiratory time 

D. Extubate to nasal CPAP 

4. A 600-g neonate is being mechanically ventilated in 
pressure control ventilation with the following ventila¬ 
tor settings: peak inspiratory pressure (PIP), 24 cm 
H 2 0; PEEP, 4 cm H 2 0; Fio 2 , 0.45; respiratory rate, 

40 breaths/minute. Which inspiratory time should the 
clinician recommend? 

A. 0.6 second 

B. 0.3 second 

C. 0.8 second 

D. 1.0 second 

5. The physician would like to begin dual-control ventila¬ 
tion ofa 500-g infant. What would be the initial 
corrected volume target? 

A. 5 ml/kg 

B. 7 ml/kg 

C. 8 ml/kg 

D. 10 ml/kg 

6. While observing a ventilator flow graphic for a 

12-year-old patient with asthma on a rate of 1 0 breaths 
per minute, the clinician notices that expiratory flow 
does not return to baseline and the patient’s auto- 
PEEP level is 6 cm H 2 0. Which ventilator manipulation 
might help this patient the most? 

A. Increase the respiratory rate by 8 breaths/minute 

B. Decrease the inspiratory time 

C. Decrease the peak inspiratory flow 

D. I ncrease the PEEP 

7. A neonatal patient with respiratory syncytial virus (RSV) 
is receiving mechanical ventilation in the pressure Con¬ 
trol mode with the following current settings: PIP, 14 cm 
H 2 0; PEEP, 5 cm H 2 0; Fio 2 , 0.50; respiratory rate, 

28 breaths/minute. The patient has poor chest rise 
bilaterally, and breath sounds are underaerated with faint 
wheezes bilaterally. You notice that the measured tidal 
volume is 3 ml/kg and the respiratory rate is 80 breaths/ 
minute. The patient has nasal flaring, retractions, and 
head bobbing. What should be suggested at this time? 

A. Placing the patient on a high-frequency oscillator 

B. Suctioning and then increasing the PIP 

C. Decreasing the respiratory rate 

D. Using a neuromuscular blocking agent 

8. Which ventilator approach would be good for a 10-year- 
old boy with severe ARDS who is spontaneously 
breathing while undergoing ventilation? 

A. PCV 

B. APRV 

C. CPAP 

D. IRV 
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9. Which of the following factors does not affect mean 
airway pressure? 

A. PEEP 

B. l-time 

C. Time constant 

D. PIP 

High-Frequency Ventilation 

10. High-frequency ventilation is defined by the U.S. FDA 
as delivering more than: 

A. 150 breaths/minute 

B. 120 breaths/minute 

C. 100 breaths/minute 

D. 60 breaths/minute 

11. High-frequency jet ventilation delivers gas by: 

A. Intermittently occluding a high flow of gas with a 
rotating vane 

B. Pulsing gas down the endotracheal tube at a high 
velocity 

C. Passing gas past the endotracheal tube and 
agitating it with a piston 

D. The same method as conventional ventilation, 
just at a higher frequency 

12. High-frequency oscillatory ventilation delivers 
gas by: 

A. The same method as conventional ventilation, 
just at a higher frequency 

B. Pulsing gas down the endotracheal tube at a high 
velocity 

C. Alternating gas in and out via a rotating vane 

D. Passing gas past the endotracheal tube and 
agitating it with a piston. 

13. The exhalation phase of HFOV differs from other 
forms of high-frequency ventilation because: 

A. Exhaled gas is actively pulled out via the patient 
as the piston moves back. 

B. Exhalation is passive, whereas on the HFJV gas is 
pulled out via a Venturi effect. 

C. Exhalation is active during HFOV due to a sepa¬ 
rate vacuum assist device. 

D. Exhaled gases passively exit the patient due to 
passive chest recoil. 

14. Which of the following most accurately describe(s) 
the relationship of lung volume in a restrictive disease 
and Paw: 

I. Increasing Paw increases lung volume and 
improves ventilation-perfusion matching. 

II. Increasing Paw increases the pressure gradient, 
allowing more oxygen to cross the alveolar 
capillary membrane. 

III. Increasing Paw improves the efficiency of the jet 
or piston. 

IV. At very high and very low lung volumes 
ventilation-perfusion matching is impaired. 

A. I 

B. II 

C. I, III, IV 

D. I and IV 


15. The goal in treating atelectatic prone lung is: 

A. High lung volume to recruit alveolar lung units 

B. Low lung volumes to reduce the chance of 
barotrauma 

C. High tidal volumes during convention ventilation 
to assist in carbon dioxide removal 

D. High lung volume to recruit the lung and large 
tidal volumes to aid ventilation 

16. The goal in treating infants with pulmonary intersti- 
tial emphysema or active air leak is: 

A. High lung volume to recruit alveolar lung units 

B. Low lung volume to reduce the chance of creating 
or worsening an air leak 

C. High lung volume to recruit the lung and large 
tidal volumes to aid ventilation 

D. Low tidal volumes combined with high lung 
volumes 

17. A neonate is progressing satisfactorily on HFOV, with 
a mean airway pressure of 15 cm H 2 0. The physician 
consults the respiratory clinician to determine in what 
increments the Paw should be weaned. What should 
the respiratory therapist recommend? 

A. 4-6 cm H 2 0 

B. 3-4 cm H 2 0 

C. 1-2 cm H 2 0 

D. No increment; simply extubate 

18. A clinician prepares to suction a patient undergoing 
HFV. What is the most likely consequence of suctioning? 

A. Hypoxia, requiring a temporary increase in Paw 
to resolve 

B. Pulmonary hemorrhage, requiring ETT epineph- 
rine 

C. Negative-pressure pulmonary edema, requiring a 
temporary increase in Paw to resolve 

D. None of the above 

19. An infant has just been placed on HFJV. What trending 
monitor(s) should be recommended? 

A. In-line biood gas analyzer 

B. Pulse oximetry 

C. Transcutaneous monitoring 

D. B and C 
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One of the primary goals of critical care is to optimize oxy¬ 
gen delivery to the tissues. Often this entails the delivery of 
supplemental oxygen. However, other gases may be used to 
improve oxygen delivery, based on the patient’s clinical 
diagnosis. The gases discussed in this chapter dilate the 
pulmonary vasculature, constrict the pulmonary vascula- 
ture, reduce airway resistance, and relax bronchial smooth 
muscle tone. 

NITRIC OXIDE 

Nitric oxide (NO) is a colorless, sweet-smelling, nonflam- 
mable toxic gas. Nitric oxide, not to be confused with nitrous 


oxide (N 2 0, an anesthetic), is also an unstable, highly reac- 
tive, lipophilic, diatomic free radical. Because of its high 
reactivity, NO is often combined with nitrogen in various 
concentrations and stored in aluminum alloy cylinders. 
The most common concentration available commercially is 
800 ppm, although higher and lower concentrations are 
available as well. 

Physiological Basis of Action 

Nitric oxide is a ubiquitous substance produced by nearly 
every cell and organ in the human body (Box 18-1). Directly 
or indirectly, NO performs numerous functions, including 
vasodilation, platelet inhibition, immune regulation, enzyme 
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fj Organs and Cells Involved in the 
Endogenous Production of Nitric 

1 Oxide 

• Brain 


Epithelium 

• Peripheral nerves 


Platelets 

• Skeletal muscle 


Adrenals 

• Liver 


Macrophages 

• Myocytes 


Lungs 


regulation, and neurotransmission. 1 This chapter, however, 
focuses on smooth muscle relaxation of the pulmonary 
vascular bed. 

Pulmonary Smooth Muscle Relaxation 
and Contraction 

An understanding of the mechanism of smooth muscle 
relaxation in the pulmonary vascular bed is based on the 
regulation of smooth muscle tone. In general, smooth 
muscle tone is regulated by Chemical, hormonal, nervous, 
and physical interactions. 2 Current understanding sug¬ 
gests that vascular smooth muscle is largely dependent on 
intracellular calcium ion (Ca 2+ ) concentration. Smooth 
muscle tissue comprises bundles of myofibrils, threadlike 
contractile fibers encased by the sarcoplasmic reticulum, a 
network of tubes or channels that store Ca 2+ . Muscle con¬ 
traction begins with the release of Ca 2+ from the sarco¬ 
plasmic reticulum. Calcium ion binds with the protein 
calmodulin. The calcium-calmodulin complex activates 
the enzyme myosin light-chain kinase, enabling phos- 
phorylation of the myosin, resulting in contraction of the 
cell. Contraction continues until Ca 2+ is reabsorbed into 
the sarcoplasmic reticulum. Therefore, any process that 
inhibits the release of Ca 2+ will interrupt smooth muscle 
contraction. 

In the body, the process of smooth muscle relaxation 
uses cyclic guanosine monophosphate (cGMP) to reduce 
Ca 2+ levels. In smooth muscle cells, cGMP activates cGMP- 
dependent kinase, preventing the release of Ca 2+ from the 
sarcoplasmic reticulum, resulting in smooth muscle relax¬ 
ation. In the early 1980s, researchers reported a potent 
smooth muscle-relaxing agent, endothelium-derived re- 
laxing factor (EDRF),' now understood to be endogenous 
nitric oxide. Formation of EDRF results in increased levels 
of cGMP in smooth muscle cells. EDRF and cGMP are 
conceivably the two most important substances in regulat- 
ing smooth muscle tone. 2,4 

Nitric Oxide Synthase and Endogenous 
Nitric Oxide Production 

In the body, NO is produced by the combination of ni¬ 
tric oxide synthase (NOS) enzymes with the amino acid 
L-arginine and molecular oxygen. This combination re¬ 
sults in the formation of the amino acid L-citrulline and 
NO (Figure 18-1). The two types of NOS enzymes are 


Platelet-activating 

factor IL-1 



FIGURE 18-1 Endogenous nitric oxide (NO) production. Under 
normal conditions, picomoles of NO are produced. When induc- 
ible nitric acid synthase is activated in conditions of sepsis or 
inflammation, nanomoles of NO are produced. ACh, Acetylcho- 
line; ATP, adenosine triphosphate; cNOS, constitutive nitric oxide 
synthase; eNOS, endogenous nitric oxide synthase; IFN, interferon; 
IL, interleukin; iNOS, induced nitric oxide synthase; nNOS, neuro¬ 
nal nitric oxide synthase; TNF, tumor necrosis factor. 


constitutive and inducible. The constitutive NOS (cNOS) 
enzymes are normally expressed in tissues and consist of 
two isoforms: eNOS (endothelial in origin) and nNOS 
(neuronal in origin). 1 The one inducible NOS enzyme, 
iNOS, results from enzyme induction.’ The cNOS 
enzymes, which are calmodulin dependent, produce rela- 
tively small amounts of NO (picomoles). The iNOS en¬ 
zyme functions independently of calmodulin and 
produces relatively large amounts of NO (nanomoles). 
NO resulting from iNOS is most often produced in sepsis 
and is probably responsible for the pathological decrease 
in systemic vascular resistance observed in septic shock. 

Once NO is formed and bound to hemoglobin, guany- 
lyl cyclase is activated, which converts cyclic guanidine 
triphosphate to cGMP. This increased cGMP results in re- 
duced Ca 2+ and smooth muscle relaxation. 

Inhaled Nitric Oxide 

The underlying principle of inhaled nitric oxide (iNO) is 
its selectivity as a pulmonary vasodilator. 6 Inhaled NO will 
relax only pulmonary smooth muscle adjacent to func- 
tioning alveoli. Atelectatic or fluid-filled lung units will 
not participate in iNO uptake. Therefore, if the pulmonary 
vasculature is constricted in atelectatic regions of the lung, 
pulmonary biood flow will remain minimal in these re¬ 
gions, reducing intrapulmonary shunt (Figure 18-2). This 
is in contrast to intravenous vasodilators such as nitro- 
prusside or prostacyclin. These drugs will relax pulmonary 
vasculature globally, reducing pulmonary vascular resis¬ 
tance but also increasing biood flow past nonfunctioning 
alveoli and intrapulmonary right-to-left shunt. 
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FIGURE 18-2 Comparison of the vasodilator effects from sys- 
temic drugs and NO. Both reduce pulmonary artery pressure, but 
the systemic vasodilators also dilate the biood vessels not partici- 
pating in gas exchange, thereby increasing the intrapulmonary 
shunt. Pao 2 , Arterial partial pressure of oxygen; PAP, pulmonary 
artery pressure; PGI 2 , prostacyclin; S/T, intrapulmonary shunt; 
SNP, sodium nitroprusside; SVR, systemic vascular resistance; 
TNG, nitroglycerin. 


Newborn Hypoxic Respiratory Failure. The concept 
of treating pulmonary hypertension of term or near-term 
infants with iNO has been advocated in many early reports 
and randomized controlled trials. These studies confirmed 
that iNO improved oxygenation and reduced the need for 
extracorporeal membrane oxygenation. In 2000 the first 
U.S. Food and Drug Administration (FDA) approval of 
iNO as a noninvestigative drug was for the treatment of 
primary pulmonary hypertension of the term or near-term 
(>34 weeks gestational age) neonate with hypoxic respira¬ 
tory failure associated with evidence of pulmonary hyper¬ 
tension. Hypoxic respiratory failure may be primary or a 
secondary effect of another disorder (meconium aspira¬ 
tion, congenital diaphragmatic hernia, pneumonia, etc.). 

Dosing strategies should be focused on physiological 
end points. This involves titrating the delivered NO in 
increments until a positive response is achieved. Several 
studies 8 ' 13 have used an increase in oxygen saturation of 
20% over baseline as an indication that the infant is re- 
sponsive. These studies and others 14,15 have suggested that 
optimal dosing is usually in the 20- to 30-ppm range. 
Some infants will not respond positively. The Neonatal 
Inhaled Nitric Oxide Study (NINOS) trial 16 indicated that 
only 6% of nonresponders will demonstrate a positive re¬ 
sponse when given NO at 80 ppm. Typically, a response 
would be seen almost immediately; however, it is recom- 
mended that determining an infant’s response last no 
longer than 4 hours to limit the exposure to NO. Endoge- 
nous NO is downregulated when the patient receives iNO. 
This may result in a worsening of pulmonary hypertension 
and hypoxemia. 17,18 


Although there is strong evidence for the use of iNO in 
term or near-term infants, its efficacy in premature babies 
is less clear. Nitric oxide has been shown to improve oxy¬ 
genation and outcomes in a few studies. However, larger 
randomized controlled trials 19 ' 22 and a systematic review 23 
have demonstrated similar improvements in oxygenation, 
but survival outcomes were unchanged. The preterm pop¬ 
ulation is at increased risk for intraventricular hemorrhage 
and chronic lung disease. These larger, more recent trials 
did not show any increase in these comorbidities. There- 
fore, although its usefulness is still in question, NO does 
appear to be safe in the premature infant population. For 
detailed information on this subject, piease refer to the 
American Association for Respiratory Care’s Evidence-Based 
Clinical Practice Guideline: Inhaled Nitric Oxide for Neonates 
With Acute Hypoxic Respiratory Failure , located at http:// 
www.rcjournal.com/contents/12.10/12.10.1717.pdf. 

Acute Respiratory Distress Syndrome. Current re¬ 
search is investigating the use of NO in acute respiratory 
distress syndrome (ARDS) and acute lung injury. ARDS is 
a complex syndrome characterized by noncardiogenic pul¬ 
monary edema, diminished lung compliance, and pulmo¬ 
nary hypertension. Current therapy for ARDS is primarily 
supportive, allowing time for the lung to heal. Although 
no definitive studies show improved outcomes, iNO has 
been suggested to improve oxygenation and ventilation- 
perfusion (V/Q) matching, consequently lowering airway 
pressure and oxygen concentration. However, studies in¬ 
vestigating the use of iNO for the treatment of ARDS or 
acute lung injury have failed to demonstrate improved 
outcomes. NO will reach more capillary endothelium by 
opening collapsed alveoli. In turn, a greater degree of vaso- 
relaxation should occur. Studies have shown that respon- 
siveness to iNO may be enhanced by the application 
of positive end-expiratory pressure, and perhaps turn non¬ 
responders into responders (to iNO therapy). 24 ' 26 In the 
pediatric population, Kinsella and colleagues 27 reported 
improved outcomes when using high-frequency oscilla- 
tory ventilation (HFOV) combined with iNO compared 
with HFOV or iNO alone. Mehta and colleagues 28 also 
studied the combined effects of iNO and HFOV, the ratio¬ 
nale being that if lung volume were optimized they could 
further enhance the effects of iNO. They demonstrated 
that the use of HFOV did improve oxygenation response to 
iNO. 1 Further studies are warranted to determine whether 
this combination is clinically useful. 

Application 

Multiple methods have been advocated for the delivery of 
iNO. 29,30 Early systems were custom-built in-house and 
comprised two basic subsystems: delivery and monitoring. 
In these systems, NO is bied into the breathing circuit 
through a flow meter or blender. NO and N0 2 levels are 
monitored with an NO/N0 2 analyzer. These systems were 
eumbersome and were often difficult to assemble. Now 
that the use of iNO has increased, a few vendors have 
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developed systems incorporating NO delivery with NO 
and N0 2 monitoring. These devices come in a variety of 
designs. Some are larger and designed for in-hospital use 
(Figure 18-3). Currently available systems can be battery 
operated, include a manual system, and may used for 
transport. 

In general, NO is bied into the breathing circuit before 
the humidifier. To analyze inspired NO and N0 2 concentra- 
tions, gas is sampled before the patient-circuit interface. 
These devices provide alarms to monitor these values, as 
well as oxygen. The IKARA INOMAX DSIR (Clinton, NJ) 
and 12th Man Technologies (Garden Grove, CA) measure 
ventilator circuit gas flow. These flow measurements allow 
the device to modulate NO output to provide a stable 
concentration throughout the breath. 



FIGURE 18-3 The INOMAX © DSIR drug-delivery system that is 
FDA-cleared for administration and monitoring of pharmaceutical- 
grade inhaled nitric oxide. 


Nitrogen Dioxide 

As discussed earlier, when combined with oxygen, NO pro- 
duces N0 2 a toxic gas. Although rare, the patient and 
health care providers can be adversely affected. Factors in- 
fluencing N0 2 production are oxygen concentration, NO 
concentration, and time of contact between NO and oxy¬ 
gen. Therefore the patients most at risk of N0 2 delivery 
include those receiving high oxygen concentrations and 
low ventilator flow rates. 

Decreasing the NO or oxygen concentration is usually 
not an option; therefore, to reduce N0 2 delivery to the 
patient, reduce the duration of contact between NO and 
oxygen. Two methods accomplish this: (1) increase the 
inspiratory flow or (2) add the NO as close to the patient 
as possible. Each of these methods has practical limita- 
tions. Increasing the ventilator flow will reduce the time 
of contact between NO and oxygen before reaching the 
patient, but it may also affect inspiratory time, tidal vol- 
ume, mean airway pressure, and so on. Adding NO into 
the inspiratory limb of the ventilator circuit close to the 
patient will reduce contact time, but it also creates moni¬ 
toring difficulties. The practitioner must allow an ade- 
quate distance for proper mixing to ensure accurate NO 
measurement. 

In addition, the local atmosphere could become con- 
taminated with NO and N0 2 . Although this is rare, early 
systems included means for the scavenging of expiratory 
and wasted gases. Usually this was accomplished by the 
collection of gases into a gas evacuation system similar in 
design to those used in anesthesia. Gas was collected in a 
large reservoir and removed continuously through the 
hospitafs vacuum system. At first, scavenging was advo- 
cated to reduce the possible harmful inhalation of nitro¬ 
gen dioxide by other personnel in the vicinity. Studies 
have shown this to be unnecessary because of the rela- 
tively small amounts of N0 2 present at the bedside. Mod¬ 
ern hospitals have adequate room air exchange rates, and 
the chance of NO or N0 2 accumulation is remote. A pos¬ 
sible caveat involves interfacility transport. Pressurized 
aircraft may not allow an adequate cabin air exchange 
rate to ensure safety. The aircraft crew must be made 
aware of this so that proper measures are taken to reduce 
this risk. 

Methemoglobin 

The half-life of iNO is extremely short, about 5 seconds. 
Once NO crosses the vascular endothelium, it is rapidly 
bound by hemoglobin, forming ni trosyl hemoglobin (met¬ 
hemoglobin). Methemoglobin production results from 
the oxidation of the iron in the hemoglobin. The quan- 
tity of methemoglobin depends on iNO concentration and 
concurrent nitrate-based drug therapy (e.g., nitroprusside, 
nitroglycerin). If the methemoglobin level is excessive, a 
reduction in iNO or other nitro-based vasodilators is war- 
ranted. Ultimately, NO metabolites are excreted, primarily 
by the kidneys, as nitrates and nitrites. 32 
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HELIUM-OXYGEN MIXTURES 

Helium (He) was discovered in 1895 by Sir William Ramsay 
and independently by Langley and Cleve. Helium is one of 
the lightest elements, second only to hydrogen. It is a color- 
less, odorless, tasteless, and physiologically inert noble gas. 
Helium is present in dry air at a concentration of 0.0005%. 
At present, the majority of helium comes from natural gas 
mines in the United States. The supply is limited, and until 
the Helium Privatization Act of 1996, production was 
under the control of the U.S. government. 

Helium is remarkable for its low density and high viscos- 
ity (Table 18-1). Pure helium gas has a density of 0.179 g/L, 
one seventh the density of air. A common misconception is 
that because of its low density, helium has low viscosity. 
Actually, helium is slightly more viscous than air. However, 
its kinematic viscosity (the ratio of absolute viscosity to 
density) is almost seven times greater than that of air. 
Therefore, from the standpoint of fluid dynamics, helium 
is much more viscous than air. 33 

Physiological Basis of Action 

The use of helium-oxygen mixtures in treating airway ob¬ 
struction was first described in 1934 by Barach. 
Barach’s studies reported a decrease in work of breathing 
in patients with both upper and lower airway obstruction. 
Helium is an inert gas, has no pharmacological properties 
of its own, and does not participate in or interfere with any 
biochemical activity in the body. Its sole purpose is to 
lower the total density of any gas mixture. 

It is important to note that helium is not used to treat the 
underlying cause of increased airway resistance but rather to 
decrease the work of breathing until more definitive thera- 
pies are effective. When helium is combined with oxygen, the 
resulting gas mixture density is one third that of air. 
Poiseuille’s law States that if the diameter of a tube is reduced 
by half, the pressure gradient to achieve the same flow in- 
creases 16 times. Graham’s law States that the flow of gas 
through an orifice is inversely proportional to the square 
root of its density. 38 In other words, if the driving pressure 
remains constant, a gas with lower density will have higher 
flow than a gas with higher density. Alternatively, less pres¬ 
sure is required to maintain a given flow through a fixed 
orifice. This physical property of helium may be useful in 
overcoming airway resistance and obstruction. 

In normal human anatomy, inspired gas is turbulent be- 
tween the glottis and the tenth-generation airways, primarily 


TABLE 18-1 


Comparison of Inhaled Gas Densities and Viscosities 

Density (g/L) Viscosity (|JtP) 


Helium 

0.179 

188.7 

Nitrogen 

1.25 

167.4 

Air 

1.29 

170.8 

Oxygen 

1.42 

192.6 


Box 18-2 


Reynold's Number = 


Reynold’s Equation for Turbulent Flow 

Flow X Diameter Density 


Viscosity 
Laminar £ 2000 > Turbulent 


because of the high gas flow and larger radii of the airways. 
Physics dictates that greater pressure is required to move gas 
through a tube (or airway) under turbulent conditions com- 
pared with the same volume of gas during laminar flow. A 
quick review of Reynold’s equation shows that decreasing 
density and increasing viscosity will reduce turbulent flow, 
decreasing the pressure and work required to move the gas 
(Box 18-2). Likewise, gas flow through a large, partially ob- 
structed airway will create the same turbulent flow. Decreas¬ 
ing turbulent flow reduces the amount of pressure required 
to move the gas through the airways, decreasing the work 
required to breathe. 

Application 

Helium must be combined with oxygen when used clinically, 
thus the term heliox. Several concentrations of medical-grade 
helium are available commercially: 80% helium-20% oxygen 
heliox mixture (80:20), 70% helium-30% oxygen (70:30), and 
100% helium-0% oxygen (100%). The 80:20 mixture has 
essentially the same concentration of oxygen as air; the nitro¬ 
gen and trace gases are replaced with helium. The 70:30 
mixture is useful for patients with airway obstruction who 
require increased oxygen concentration. The 100% helium 
concentration is rarely used, and it must be used with oxygen 
to be compatible with life. Clinicians who use 100% helium 
do so to reduce the number of tanks required to maintain a 
patient on heliox. Extreme caution and close monitoring 
must be employed when using this concentration as it is pos- 
sible to deliver a hypoxic gas mixture to the patient, possibly 
resulting in asphyxiation and death. 

For the purposes of this chapter, only the use of nonhy- 
poxic gas mixtures is discussed. Heliox cylinders contain- 
ing at least 20% oxygen are brown and white (or brown and 
green) and use a CGA-280 fitting. 

Aerosol Delivery 

Multiple studies have investigated the use of helium-oxygen 
mixtures and the deposition of aerosolized particles. 39 ' 42 
Anderson and colleagues 39 studied patients with stable 
asthma. Ten patients inhaled radiolabeled particles of Teflon 
suspended in air or a helium-oxygen mixture. The study 
concluded there was more aerosol deposition in the lung and 
less deposition in the upper airways when breathing helium¬ 
oxygen mixtures. In a similar study, 42 patients were ran- 
domly assigned to receive (3-agonists with helium-oxygen 
mixtures or air. 43 Patients who used the helium-oxygen mix¬ 
tures showed more improvement in expiratory peak flows 
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than the group using air. These studies support the concept 
that aerosol has deeper and prolonged deposition in the 
lung when it is delivered with heliox as the carrier gas. 

Heliox mixtures will cause pneumatic nebulizers to per¬ 
form differently than if air or oxygen is used. When driving a 
pneumatic nebulizer with helium, the nebulizer will produce 
smaller particles, nebulize more slowly, and have reduced out¬ 
put compared with similar devices driven with air. When using 
a conventional pneumatic nebulizer driven with heliox, it is 
advisable to increase gas flow. 44 This will increase drug output 
by producing denser aerosol and larger particles. Newer gen¬ 
eration of vibrating mesh nebulizers (Aerogen Micropump) 
may provide an alternative to gas driven nebulizers. If vibrat¬ 
ing mesh nebulizers are used, heliox can be the carrier gas. 

Oxygen Flow Meters 

Helium is less dense and therefore more diffusible than oxy¬ 
gen. As a consequence, standard oxygen flow meters will indi- 
cate an incorrect flow when used with helium-containing 
mixtures. This error will cause the indicated flow to be errone- 
ously low. An 80:20 heliox mixture is 1.8 times more diffusible 
than oxygen. To correct for the difference in gas density, the 
indicated flow on the flow meter is multiplied by 1.8. A 70:30 
heliox mixture is 1.6 times more diffusible than oxygen. To 
obtain the accurate flow rate for this mixture, the indicated 
flow is multiplied by 1.6. This error will be present in most 
gas-measuring devices (see later discussion in this section). 

Spontaneously Breathing Patients 

Spontaneously breathing patients with upper or lower 
airway obstruction can be given heliox via mask. Because 
the goal of heliox therapy is to reduce the density of the 
inspired gas, it is important to deliver the greatest con- 
centration of helium. Therefore the patient must be able 
to tolerate the lowest possible fractional concentration of 
inspired oxygen (Fio 2 ), and room air entrainment must 
be minimized, resulting in a higher fractional concentra¬ 
tion of inspired helium (Fi He ). Nasal cannulas (with the 
exception of high-flow nasal cannulas) and simple masks 
allow far too much room air entrainment, thereby dilut- 
ing the helium concentration. Therefore, a close-fitting 
nonrebreathing mask should be used. This limitation 
makes the treatment of young patients difficult. Children 
in distress may not tolerate the tightly fitting mask re- 
quired to minimize air entrainment. Stillwell and col- 
leagues 45 investigated the use of heliox mixtures delivered 
through an infant hood. Not surprisingly, they found a 
greater concentration of helium at the top of the hood 
(because of its lower gas density), away from the infant’s 
nose and mouth. This resulted in a lower Fi He and there¬ 
fore a denser gas being delivered to the infant. 

High-Flow Nasal Can nu la 

Heliox has been shown to reduce turbulence and improve 
aerosol delivery in a range of clinical settings. Ari and col- 
leagues assessed the effects of heliox on medication delivery 


by comparing with 100% oxygen while testing the infant, 
pediatric cannulas running at flows of 3 and 6 lpm, and 
adult cannulas running at 10 and 30 lpm. At higher flows 
they found that heliox increased aerosol deposition com¬ 
pared with oxygen. At lower flows, there was less benefit 
from the use of heliox compared with oxygen in the pediat¬ 
ric and adult cannulas and no benefit for the infant. Aero¬ 
sol delivery was significantly greater at lower flows with 
both heliox and oxygen in adults and pediatric (p < 0.05), 
the use of heliox at 6 lpm increased albuterol delivery by 
40% compared with heliox at 3 L/min (p = 0.049) and oxy¬ 
gen at 6 L/min (p = 0.043) in infants. They surmised the 
use of heliox with high-flow nasal cannulas increased aero¬ 
sol delivery more than oxygen at most flow rates. 46 

Mechanically Ventilated Patients 

If the intent of heliox use is to prevent respiratory fatigue 
or failure, then it should be discontinued when mechanical 
ventilation is initiated. In this scenario the ventilator as- 
sumes the work of breathing. When mechanical ventilation 
is initiated, the patient will be in impending respiratory 
failure, hypoxic requiring high levels of oxygen, making 
heliox less effective. Once the patient is mechanically venti¬ 
lated and continues to suffer from severe lower airway 
obstruction (as seen in status asthmaticus) and continues 
to have reduced expiratory flows and gas trapping. The use 
of heliox mixtures has been advocated to minimize air trap¬ 
ping, hemodynamic compromise, and to reduce peak inspi- 
ratory pressures. 

The primary obstacle to heliox delivery via a mechanical 
ventilator is error in volume and flow measurement. Many 
mechanical ventilators rely on gas density to measure 
flows and volumes. Most errors result from underestima- 
tion of flow because of the low-density characteristics of 
helium. Volume is typically a mathematical integration of 
flow and time; therefore volumes will be equally affected. 
In one study the Servo 900C (Maquet, Bridgewater, NJ) 
demonstrated a statistically significant (approximately 
10%) underestimation in volume measurement at a helium 
concentration of 50%, increasing to a 20% error at a helium 
concentration of 80% 4/ This error in flow and volume is 
also seen in external monitors as well. In the same study 
the VenTrak pulmonary monitor (Novametrix/Philips 
Respironics, Murrysville, PA) underestimated volume by 
20% at a helium concentration of 20%, increasing to a 40% 
error at a helium concentration of 80%. 

The safest method to deliver helium-oxygen mixtures 
via mechanical ventilation is to connect an 80:20 heliox 
mixture to the heliox-approved inlet of the mechanical 
ventilator. The practitioner then uses the ventilator’s oxy¬ 
gen concentration control to adjust helium and oxygen to 
the desired mixture. This allows the practitioner to deliver 
a helium concentration up to the 80% helium. It is impor¬ 
tant to note that ventilators may not function properly 
with helium as a source gas. Piease refer to the manufac- 
turer’s manual before attempting to add helium to the air 
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inlet of any ventilator. It is never advisable to provide 100% 
helium through any ventilator. 

This anomaly in volume calculations appears to be re- 
lated to the heated-wire flow anemometer. The high thermal 
conductivity of helium rapidly cools the wires, simulating a 
high-flow condition. The microprocessor responds by clos- 
ing the gas valves to such a degree that the ventilator will 
not function. As always, it is important to monitor oxygen 
concentration when using heliox. Three devices in the 
United States have been cleared by the U.S. FDA for use with 
helium mixtures: the AVEA (Cardinal Health, Dublin, OH), 
the Servo-z (Maquet, Bridgewater, NJ), and the Hamilton G5 
(Hamilton Medical, Reno, NV). 

Gas Mixtures in Extracorporeal 
Membrane Oxygenation 

Some patients require extracorporeal membrane oxygen¬ 
ation to achieve adequate gas exchange (see Chapter 19, 
Extracorporeal Life Support). Gas from a blender passes 
through the oxygenator cartridge (artificial lung), gas ex¬ 
change occurs. The oxygen in this gas oxygenates the biood. 
Carbon dioxide diffuses from the biood into the sweep gas. 
The membrane oxygenator in the extracorporeal mem¬ 
brane oxygenation circuit is efficient, and sometimes too 
efficient, in exchanging gases with the biood. When the 
sweep gas (blended gas flow through the membrane lung; 
usually C0 2 free) through the oxygenator removes too 
much C0 2 from the biood, carbogen may be substituted as 
the sweep gas to inhibit excessive C0 2 removal. Carbogen is 
a mixture of C0 2 and 0 2 , typically 95% oxygen and 5% car¬ 
bon dioxide. 

ANESTHETIC MIXTURES 

Patients in status asthmaticus (SA) can be placed on he¬ 
lium-oxygen therapy as a temporizing measure to reduce 
the work of breathing until other therapy (|3-agonists, 
methylxanthines, and corticosteroids) is effective. How- 
ever, these patients often have bronchospasm that is re- 
fractory to conventional therapy. Certain volatile inhaled 
anesthetics are known for their bronchodilatory proper- 
ties. Although no clinical trials have investigated the use of 
inhaled anesthetics (IAs) in the routine treatment of SA, 
several case reports exist. 48 ' 55 

Of the several IAs used clinically for anesthesia, only a 
few (halothane, isoflurane, enflurane, and sevoflurane) 
have been widely reported as potential treatments for SA. 
Halothane is an alkane derivative and has been the volatile 
anesthetic of choice in reducing bronchospasm in asth- 
matic patients. Sevoflurane, a methyl ethyl ether, has been 
shown to be as effective as halothane in reducing lung re- 
sistance; however, safety studies for its use in children with 
asthma are needed. 49,56,5 ' Isoflurane and enflurane are also 
methyl ethyl ethers and are often used in the acute treat¬ 
ment of SA. Each has advantages and disadvantages in 
treating bronchospasm (Table 18-2). 
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Physiological Basis of Action 

Volatile IAs reduce bronchospasm through a number of 
pathways: |3-adrenergic receptor stimulation, direct smooth 
muscle relaxation, antagonism of acetylcholine and hista- 
mine, and inhibition of hypocapneic bronchoconstriction. 58 
In essence, they reduce central afferent parasympathetic activ- 
ity. 59 Therefore a patient receiving standard bronchodilators 
may see an additional response with the addition of an IA. 60 

Application 

Qualified individuals must perform the setup and delivery 
of IAs. Respiratory care practitioners can be properly 
trained in the setup and operation of closed-loop (re- 
breathing circuit) anesthetic ventilators for the primary 
purpose of bronchodilation. In general, the anesthesiolo- 
gist or specialty trained intensivist performs the initial 
setup and troubleshooting. Adjustments are usually done 
by protocol or RCP under the direct supervision of the in¬ 
tensive care physician or anesthesiologist. The bedside 
caregiver handles routine monitoring procedures. All care- 
givers must understand the pharmacology of the IA being 
delivered and its side effect profile. 

The two ways to deliver IAs are by face mask for the spon- 
taneously breathing patient and through a mechanical ven¬ 
tilator. In either system the setup is similar to that used in 
the operating room. Both methods require similar equip- 
ment: vaporizers for the volatile anesthetic, scavenging de¬ 
vices, anesthetic gas analyzers, and vital sign monitoring. 

Inhaled Anesthetics via Face Mask 

To avoid intubation and mechanical ventilation, treating 
the spontaneously breathing patient with an IA could be 
advantageous. The systems used for spontaneous breathing 
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of IAs are complicated but are similar to full-face noninva- 
sive continuous positive airway pressure circuits. The expi- 
ratory gases pass through a carbon dioxide absorber and 
then return to the inspiratory limb, creating a circle. A fresh 
gas supply (including the IA) is introduced after the carbon 
dioxide absorber. This design is called a rebreathing Circuit. 

The face mask must be tight fitting to prevent the leakage 
of the IA into the room and to ensure that the patient re- 
ceives the LA. Because patients may be somewhat awake, they 
must be cooperative enough not to remove the mask. The IA 
must also be compatible with face mask administration. 
Enflurane and isoflurane are irritants to the upper airway 
and are unpleasant to breathe while conscious, especially for 
the pediatric patient. These vapors may produce laryngo- 
spasm and fighting. Isoflurane and enflurane are more suited 
for use with an intubated and mechanically ventilated pa¬ 
tient. Conversely, halothane and sevoflurane are neutral- 
smelling vapors and may be accepted more readily via mask. 

Typically, halothane is the IA of choice when delivering 
to a conscious, spontaneously breathing patient. The dose 
range for halothane is approximately 0.25% to 0.5%. The 
patient usually is sufficiently awake to communicate in 
short sentences. Bronchodilation is usually rapid (15 to 
20 minutes). The patient benefits by the reduced resis- 
tance as well as the sedative effect. 

Inhaled Anesthetics via Mechanical 
Ventilation 

Almost universally, the Servo 900C has been used to deliver 
IAs to mechanically ventilated patients, but it is no longer 
supported. Most modern anesthesia ventilator or systems 
can be transported to the ICU and provide modern modes 
of ventilation such as pressure support ventilation. 

Waste anesthetic agent may pose a risk for staff and 
visitors. Therefore, exhaled and waste gases need to be 
scavenged from the circuit. These waste gases are typically 
collected via waste anesthetic gas (WAG) outlets connected 
to the hospital vacuum system. Most ICUs are not outfit- 
ted with WAG suction outlets. 


CASE STUDY 


A 12-year-old boy with known persistent severe asthma has 
been admitted to the intensive care unit for further man¬ 
agement ofa severe exacerbation. He has received an ap- 
propriate dose of steroids and has been given continuous 
albuterol, 15 mg/hour for the last 4 hours, in the emer- 
gency department. There is a concern for respiratory fa- 
tigue. Spo 2 is 96% on 0.21 Fio 2 . 

What would you recommend at this point? 

1. Heliox 80/20 

2. Noninvasive ventilation 

3. Intravenous (3 agonist 

4. Volatile inhaled anesthetics 


See Evolve Resources for answers. 


j KEY POINTS 

• Nitric oxide can improve oxygenation and reduce 
the need for ECMO in the clinically indicated patient 
population. 

• Inhaled endothelium relaxing factor (NO) can vasodi- 
late the pulmonary capillary bed ventilated lung units 
and improve gas exchange. 

• Inhaled nitric oxide is a selective vasodilator which 
improves it side effect profile. 

• A helium-oxygen gas mixture can reduce the patient’s 
work of breathing during severe obstructive airways 
disease such as status asthmaticus or croup. By reduc- 
ing fatigue heliox enables medications such as steroids 
the time required to become effective without escalat- 
ing to positive pressure ventilation. 

• Heliox can be provided through most modern 
mechanical ventilators while accurately measuring 
tidal volumes. 

• Inhaled anesthetics such as isoflurane and sevoflurane 
are potent bronchodilators. 

• Modern anesthetic ventilators can adequately ventilate 
pediatric patients while safely providing, monitoring, 
and conserving volatile anesthetic agent. 


[j ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. Which of the following is/are Chemical properties of 
nitric oxide? 

A. Lipophilic 

B. Highly reactive 

C. Unstable free radical 

D. All of the above 

2. Which Chemical is most associated with smooth 
muscle contractility? 

A. Iron 

B. Calcium 

C. Citric acid 

D. L-Arginine 

3. Inhaled nitric oxide reduces shunt by: 

A. Vasodilating only pulmonary capillaries adjacent to 
atelectatic lung units 

B. Decreasing pulmonary vascular resistance 

C. Increasing systemic oxygenation 

D. Vasodilating only pulmonary capillaries adjacent to 
functioning lung units 

4. Which of the following are potential side effects of 
iNO administration? 

A. Nitrous oxide formation in the ventilator circuit 

B. Fetal hemoglobin formation 

C. Decrease in guanylyl cyclase in the sarcoplasmic 
reticulum 

D. Methemoglobin formation 
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5. Which ofthe following are useful properties of helium 
when used to treat patients in status asthmaticus? 

I. Lower density 

II. Lower viscosity 

III. Higher viscosity 

IV. Low thermal conductivity 

A. I and II 

B. I and III 

C. I, II, and IV 

D. I, lli, and IV 

6. All of the following are effects of heliox on mechanical 
ventilation except: 

A. Measured flow is falsely low when using a differential 
pneumotachometer. 

B. Nebulizer output is decreased. 

C. Actual flow from the flow meter is lower than 
indicated. 

D. Measured flow is falsely high when using a hot-wire 
anemometer. 

7. Which of the following is not an inhaled anesthetic 
agent used to treat status asthmaticus? 

A. Halothane 

B. Sevoflurane 

C. Enflurane 

D. Nitrous oxide 

8. Which ofthe following inhaled anesthetic agents are 
best tolerated by the patient when breathing sponta- 
neously from a mask? 

A. Isoflurane and enflurane 

B. Halothane and sevoflurane 

C. Enflurane and sevoflurane 

D. Isofl urane, halothane, and sevoflurane 

9. What IA should not be used in patients receiving cate- 
cholamines? 

A. Enflurane 

B. Isofl urane 

C. Sevoflurane 

D. Halothane 
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LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 


1. Describe the extracorporeal membrane oxygenation 

3. Compare and contrast the various modes of support 

systems 

for extracorporeal membrane oxygenation 

2. Explain the rationale for the use of extracorporeal 

4. Describe the elements of monitoring the extracorporeal 

membrane oxygenation in the management of 

membrane oxygenation functions and patient response. 

respiratory and cardiac failure in newborns, infants, 

5. Identify complications associated with extracorporeal 

and children 

membrane oxygenation 

KEY TERMS 


Centrifugal pump Hemofiltration Sweep gas 

Extracorporeal membrane Oxygenation index Venoarterial 

oxygenation Roller pump Venovenous 


Extracorporeal membrane oxygenation (ECMO) is an 
invasive technique in which biood is drained from the ve- 
nous system, mechanically pumped through an artificial 
lung, and reinfused to the patient through either the pul- 
monary or systemic systems. Components of an ECMO 
system are essentially modifications of cardiopulmonary 
bypass machines and are designed for longer duration of 


support, typically applied in an intensive care setting. 
The primary aim of ECMO is to support organ function 
in patients with respiratory or cardiorespiratory failure 
in order to provide time for the disease process to reverse 
or to further evaluate the underlying condition and de- 
termine if medical or surgical treatment options are 
available. 1 
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BACKGROUND 

The earliest forms of artificial gas exchange and mechani- 
cal circulatory support have been attributed to Gibbon, 
when in 1937 he reported the use of cardiopulmonary 
bypass during pulmonary artery occlusion in animals and 
in 1953 he successfully performed extracorporeal circula- 
tion in a human. 2,3 Gibbon’s invention was a roller pump 
used as a substitute for the heart, and to achieve gas ex¬ 
change, biood was distributed in a film along stainless 
Steel screens vertically suspended in a plastic chamber. 

The concept of artificial perfusion was further advanced 
by Lillehei and associates in 1955 when they reported a series 
of eight pediatric patients in whom cardiac surgery was per¬ 
formed, using the parent as the oxygenator. 4 Subsequently a 
bubble oxygenator was designed and successfully used in 
seven patients; however, the use of bubble oxygenators lim- 
ited the duration of bypass to a few hours because the direct 
blood-gas interface resulted in hemolysis, denatured plasma 
proteins, and thrombus formation.' 

There was further interest in developing a membrane 
oxygenator when the observation was made that blue ve- 
nous biood entering a hemodialysis membrane turned red 
when the biood exited the membrane. 6 In 1956, Clowes 
reported the first clinical use of a membrane for gas ex¬ 
change. The membrane oxygenator was constructed of 
polyethylene and Teflon and for the first time eliminated 
the direct blood-gas interface; however, gas exchange was 
limited and the size of the membrane hindered its clinical 
application. 

Subsequently silicone rubber was found to have gas 
transfer characteristics far superior to polyethylene, and 
in 1963 a silicone membrane was developed. 8 With this 
device the first extended bypass procedure was performed 
in animals, which demonstrated minimal hematological 
effect for up to 1 week. 9 This development paved the way 
for further interest in the application of long-term extra¬ 
corporeal support. 

The first successful use of ECMO was reported in 1972 
when a 24-year-old man with multiple trauma and respira- 
tory failure was maintained on extracorporeal support for 
75 hours, during which time his lung injury resolved. 10 
This prompted a multicenter, randomized prospective 
study of ECMO in adults with acute respiratory failure, 
and a collaborative study was published in 1979. 11 The re¬ 
sults were discouraging, with only eight survivors: four in 
the conventional mechanical ventilation group and four in 
the ECMO group. The authors were forced to conclude 
that although ECMO could support gas exchange, it could 
not improve survival of patients with acute respiratory 
distress syndrome (ARDS). A number of factors may have 
led to the poor results of this trial. Some of the centers had 
limited or no experience with ECMO and a significant 
proportion of the patients had irreversible lung injury. 
Additionally this study took place in an era when lung 
protective ventilation was not fully appreciated. 


Despite the disappointing results of the adult trial, the 
search continued to identify a population with reversible 
lung disease that could potentially benefit from ECMO. 
In 1976 Bartlett and Harken successfully used ECMO to 
support a neonate with meconium aspiration syndrome 
and essentially pioneered neonatal ECMO. 12 Their success 
continued, and in 1982 they reported a 55% survival rate in 
a series of 45 neonates treated with ECMO. 13 

By the mid-1980s, two prospective randomized trials 
comparing ECMO to conventional mechanical ventilation 
(CMV) were published. The study by Bartlett and col- 
leagues reported 100% survival of the 11 patients receiving 
ECMO and 0% survival in the control group, albeit only 
one patient constituted the control group. 14 O’Rourke and 
colleagues subsequently reported 100% survival for nine 
ECMO patients, compared with 33% for six newborns 
treated conventionally. 1 ' 

In early 1990s, ECMO emerged as a standard mode of 
support for newborns with acute respiratory failure unre- 
sponsive to maximal medical treatment. This acceptance 
occurred despite the limited number of randomized con- 
trolled trials. In 1996 the UK Collaborative ECMO Trial 
Group reported the results of a trial that assessed whether 
a policy of ECMO referral was beneficial on survival to 
1 year without severe disability when compared with con¬ 
ventional management. 16 Recruitment to the trial was 
stopped early because an interim analysis of the data sug- 
gested a clear advantage with ECMO. The results of this 
study left little doubt that ECMO was and remains an 
effective lifesaving treatment for neonates with severe 
respiratory failure. 

Throughout the eighties and nineties, a number of neo¬ 
natal ECMO programs were established and in 1989 the 
Extracorporeal Life Support Organization (ELSO, Ann 
Arbor, MI), was formed. 1 The mission of this organization 
is to coordinate clinical research in extracorporeal tech- 
niques, to develop guidelines, and to maintain an ECMO 
registry. Although ELSO is based in the United States, a 
number of centers from around the world have joined this 
collaborative organization, which has a membership of 
more than 150 active ECMO centers. The ELSO Registry 
collects and compiles data, including demographic, com- 
plication, and outcome statistics for neonatal, pediatric 
and adult applications and has entries for more than 
50,000 ECMO cases. 17 

USES OF EXTRACORPOREAL 
MEMBRANE OXYGENATION 

ECMO continues to be a vital component of newborn and 
pediatric critical care medicine. It is used to support new¬ 
borns, infants, and children with near fatal respiratory and 
cardiac failure and continues to serve as the ultimate safety 
net as advance therapies, medications, and surgical op¬ 
tions are explored. 1 Table 19-1 summarizes the use of 
ECMO in neonates and pediatrics. 
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TABLE 19-1 


Overall Summary of ECMO Use in Neonates and 
Pediatrics: Extracorporeal Life Support Organization, 
ECLS Registry Report 1 ' 

Neonates Total Cases Survival (%) 


Respiratory support 

25,746 

19,232 (75%) 

Cardiac support 

4797 

1912 (40%) 

Pediatrics 



Respiratory Support 

5475 

3061 (56%) 

Cardiac Support 

5976 

2913 (49%) 

Total 

41,994 

27,118 (65%) 


Neonatal Hypoxemic Respiratory 
Failure 

More than 26,000 newborns with respiratory failure have 
been reported in the ELSO Registry, which represents the 
bulk of the neonatal ECMO experience. 1 This includes 
patients with the diagnosis of persistent pulmonary hyper¬ 
tension of the newborn (PPHN), meconium aspiration 
syndrome (MAS), respiratory distress syndrome (RDS), 
sepsis, and air leak syndromes, all reversible conditions, 
which is a key element for positive outcomes when provid- 
ing ECMO. 

The classic trajectory of neonatal hypoxemic respiratory 
failure typically begins with evidence of respiratory distress 
shortly after birth, which progresses to a point where tra- 
cheal intubation, assisted ventilation, and supplemental 
oxygen are required. Conventional mechanical ventilation is 
used initially and high-frequency ventilation often deployed 
when near-injurious conventional ventilator settings are re¬ 
quired or when air leaks occur. 18 Adjunct therapies, includ- 
ing surfactant replacement therapy and inhaled nitric oxide 
(iNO), are also used. 19,20 The physiology and clinical manage¬ 
ment of these conditions are well described in Chapter 14 
Surfactant Replacement Therapy and Chapter 18 Adminis¬ 
tration of Gas Mixtures. 

The majority of these neonates can be managed with 
pharmacological and mechanical ventilation—conventional 
or high frequency. A small percentage are unresponsive to 
conventional measures manifested in varying degrees of 
respiratory acidosis, hypoxemia, pre- and postductal shunt- 
ing, right ventricular dysfunction associated with pulmo¬ 
nary hypertension, and overall poor perfusion and organ 
function. 21 Before the availability of ECMO, many of these 
babies died. Using ECMO aids in interrupting the cycle of 
pulmonary hypertension, improves perfusion and organ 
function, and allows the use of lung-protective mechanical 
ventilation. 21 

One particularly challenging disease, occurring in ap- 
proximately 1 in 2200 births, is congenital diaphragmatic 
hernia (CDH). 2 The physiology of this disease, well described 
in Chapter 22 Neonatal Complications and Pulmonary Dis- 
orders is characterized by the incomplete formation of the 
fetal diaphragm and migration of the abdominal contents 


into the thoracic cavity, which disrupts fetal lung devel- 
opment and causes lung hypoplasia and pulmonary 
hypertension. Although conventional measures, includ- 
ing lung-protective ventilation, iNO, high-frequency ven¬ 
tilation, and delayed surgical repair, have improved sur¬ 
vival, a portion of these infants continue to be supported 
with ECMO. 2 Elowever, the role of ECMO is unclear and 
somewhat controversial because the degree of lung hypo¬ 
plasia and pulmonary hypertension is difficult to predict. 23 
Some centers have adopted a philosophy that if conven¬ 
tional interventions fail, the degree of lung hypoplasia and 
subsequent pulmonary hypertension is considered non- 
life sustaining and ECMO is felt to be futile. 24 Nonethe- 
less, ECMO continues to be used as somewhat of a rescue 
modality, but the ELSO survival rates have remained stag- 
nant at around 50% since the availability of ECMO. 17 

Selection Criteria 

An important aspect guiding the decision to use ECMO, 
because it is associated with a number of risks, is the re¬ 
versible nature of the neonate’s underlying condition and 
the timing of the decision. 25 During the early ECMO era, 
this decision was made subjectively until more objective 
criteria were later developed. 

Bartlett and colleagues suggested the use of the neona¬ 
tal pulmonary insufficiency index, which plotted pEI and 
Fio 2 over time to a point at which the risk of mortality ex- 
ceeded 80%. 13 However, the index was deemed unsuitable 
for patients who had pharmacologically induced alkalosis 
as a treatment for pulmonary hypertension. 

Krummel and colleagues reported that an alveolar- 
arterial oxygen gradient (PA0 2 -Pao 2 ; also (A-a)Do 2 ) greater 
than 620 mm Hg for 6 to 12 hours was indicative of an 
80% risk of mortality. However, this criterion was not use- 
ful in the neonate who rapidly deteriorated. 26 

Ortega and colleagues proposed the oxygenation 
index (OI), a calculation based on mean airway pressure 
(Paw), Fio 2 , and arterial oxygenation (Pao 2 ), as follows: 

OI = Paw X (Fio 2 /Pao 2 ) X 100. The authors found 
that when the OI exceeded 40 during conventional me¬ 
chanical ventilation, the risk of mortality exceeded 80%. 
Their results have been reproduced by other institutions, 
and the OI remains a widely accepted predictor of mortal¬ 
ity in neonates with respiratory failure and is used as part 
of the selection criteria for using ECMO. 

The introduction of high-frequency oscillatory ventila¬ 
tion (HFOV) decreased the need for ECMO and is a standard 
of care in the management of hypoxemic respiratory fail¬ 
ure. 28 Because HFOV uses higher mean airway pressure than 
CMV, an OI of 60 has been considered a more realistic 
threshold for identifying mortality risk and the need for 
ECMO when this form of ventilation is used. 29,30 

ECMO use declined further in the late 1990s with the 
discovery of the selective pulmonary vasodilator properties 
of iNO and its subsequent approval by the Food and Drug 
Administration. 19 During the iNO clinical trials, it became 
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apparent that HFOV combined with iNO was optimal and 
further reduced the need for ECMO by nearly 35%. 20 

HFOV and iNO are no longer limited to specialty cen¬ 
ters that have ECMO capabilities and are commonly used 
in most newborn intensive care units (ICUs). This para¬ 
digma shift initially led to concerns that there may be 
increased mortality in patients who do not respond well to 
treatment and become too unstable to transfer to an 
ECMO center. 2 Thus timing is an important factor in 
determining the use of ECMO. The OI trend, level of sup¬ 
port, ability to transport with iNO, and distance to an 
ECMO center need to be factored into the decision pro- 
cess. 29 A few studies have suggested that mortality has not 
increased when advanced therapies have been employed 
and that these therapies lessen the severity of illness at the 
point of ECMO initiation and do not prolong the time 
to ECMO. 30 

Contraindications to ECMO in the newborn have 
become less clear. In the early ECMO epoch, prolonged 
positive-pressure ventilation was felt to be injurious, thus 
creating an irreversible conditionP * 1 With a greater under- 
standing of lung-protective ventilation techniques, there is 
less concern that chronic lung disease will develop, assum- 
ing true lung-protective strategies have been employed. 
Typically the need for ECMO is identified within the first 
couple of days. The need for ECMO after a prolonged pe- 
riod of mechanical ventilation, such as 7 to 10 days, may 
suggest an atypical, potentially irreversible pathological 
lung condition. 

Another consideration for deciding not to use ECMO is 
the patienfs size and gestational age. There are ECMO cath- 
eter size limitations for newborns less than 2 kg, and new- 
borns younger than 32 weeks of gestation may be at greater 
risk for developing intracranial hemorrhage when exposed 
to anticoagulants. The presence of preexisting intracranial 
bleeds staged beyond I or II is an added risk with ECMO 
because anticoagulation may worsen the bleed and result in 
poor neurological outcomes. The use of antifibrinolytic 
therapy may help abate the progression of bleeding. 3 ’ Addi¬ 
tional relative contraindications include the presence of 
known fatal congenital anomalies and bleeding disorders. 
Box 19-1 summarizes patient selection criteria. 

Respiratory Failure in Infants 
and Children 

More than 5500 pediatric respiratory ECMO cases have 
been reported in the ELSO registry, with patients ranging 
in age from 1 month to 18 years. 1 This group of ECMO 
cases consists of a less homogeneous group of diagnoses 
compared with the newborn experience. The broad catego- 
ries include infectious and aspiration pneumonias and 
ARDS associated with trauma, surgery, or medical condi- 
tions. The role of ECMO in the treatment of severe respira¬ 
tory failure in infants and children is not well defined 
because there have been few studies aimed at trying to make 
this determination. 34 



ECMO Selection Criteria for 

Box 19-1 

Newborns with Hypoxemic 

Respiratory Failure 


The Pediatric Study Group compared ECMO and non- 
ECMO groups based on the Pediatric Risk of Mortality 
(PRISM) score, with the ECMO cohort demonstrating im- 
proved survival. 35 Thirty-two centers participated in this 
study, which included 331 patients. However, only 50% of 
the centers had ECMO capabilities and only 38 patients 
were supported with ECMO. This research project was to 
be the impetus for a randomized controlled trial but none 
was ever conducted. 

The use of ECMO in children with severe septicemia has 
been described in case series with survival rates of up to 
55%. 36,37 ECMO has also been used to support patients 
with swine-origin influenza A, trauma, and multiorgan 
systems failure. 38 Creech et al. described the use of ECMO 
in children with life-threatening methicillin-resistant Staph- 
ylococcus aureus. i9 In this retrospective review of 45 children, 
survival rates varied depending on age, with children in the 

1- to 4-year group having the best survival at 65%. There 
were no common pre-ECMO assessments identified to 
be associated with an increased risk of death. 

There is no definitive consensus on when ECMO should 
be initiated in pediatric respiratory failure. Single-center 
reviews have attempted to identify pre-ECMO factors that 
may help predict outcome. Mehta and colleagues sug¬ 
gested that an OI greater than 35 or a pre-ECMO pH of 
less than 7.20 may result in higher mortality. 40 In a case 
series by Turner et al., it was suggested that there are no 
true contraindications to using ECMO in pediatric pa¬ 
tients with refractory respiratory failure. They further 
commented that ECMO is appropriate if patients are 
transferred to an ECMO center early, if lung-protective 
ventilation is used, and if severe neurological injury is not 
present. 38 A Pao 2 /Fio 2 ratio of less than 200 mm Hg is one 
criteria used to identify patients with ARDS, and in severe 
cases the Pao 2 /Fio 2 ratio may be less than 75 and mortality 
risk exceeds 80%, a point when ECMO is considered. 41 


• Diagnoses 

• Persistent pulmonary hypertension of the newborn 

• Meconium aspiration syndrome 

• Respiratory distress syndrome 

• Neonatal sepsis 

• Congenital diaphragmatic hernia 

• Air leak syndromes 

• Oxygen index more than 40 with CMV and more than 
60 with HFOV 

• Absence of fatal congenital anomalies 

• Reversible lung disease 

Age more than 32 weeks of gestation 

• No major intraventricular hemorrhage 

CMV, Conventional mechanical ventilation; HFOV, high-frequency 
oscillatory ventilation. 
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The decision to initiate ECMO in pediatric patients 
with refractory respiratory failure may mean the difference 
between life and death. 42 Once advance treatments fail, 
ECMO is often the only remaining option. Pre-ECMO 
management, the reversible nature of the patient’s underly- 
ing problem, and the potential to exacerbate complications 
with ECMO are fundamental to formulating a decision. 
Ideally, the patient will have been transferred to an ECMO 
center early, managed with lung-protective ventilation, 
and does not have any known incurable co-morbidities. 
Monitoring the trajectory of illness with indicators such as 
the OI, PRISM score, Pao 2 /Fio 2 ratio, and pH may aid the 
decision process. 43 

Cardiac Applications 

The development of mechanical circulatory support 
devices, from implantable artificial hearts to external 
ventricular assist devices, continues to be a burgeoning 
field, and ECMO continues to play an important role as 
these devices move from experimentation to approved 
applications. 44 

The availability of ECMO is an important facet in the 
medical-surgical management of congenital heart disease 
(CHD). 4S In the preoperative period, ECMO is used to aug- 
ment cardiac output and support organ function until 
palliative or corrective surgery is undertaken. 46,47 ECMO is 
also used in the postoperative period, particularly in com- 
plex CHD, as more challenging surgical repairs are at- 
tempted. ECMO has also been used during interventional 
procedures. 48 

Patients with cardiac muscle disease, such as fulminant 
myocarditis or cardiomyopathy, may have such poor heart 
function that mechanical support with ECMO is neces- 
sary. 49 Although other mechanical circulatory support 
devices can provide equivalent support, ECMO systems are 
more readily available and can be implemented in the ICU. 
When cardiac function fails to recover, ECMO becomes a 
key support device while heart transplantation options or 
other support devices are considered. 44 

The use of ECMO for cardiac support continues to grow 
annually particularly as an aid to resuscitation, or ECMO 
during cardiopulmonary resuscitation, referred to as ECPR. 31 ' 
In this scenario ECMO and the associated surgical infra- 
structure are rapidly deployed to the bedside of a patient 
who is not responding to conventional resuscitative mea- 
sures. Skilied teams with organized systems can accomplish 
cannulation and full ECMO support within 30 minutes.'’ 1 
Presuming quality cardiopulmonary resuscitation (CPR) is 
employed, patient outcomes are favorable, with survival rates 
around 40%, 17 considering that death would have been the 
alternative outcome. This approach is somewhat controver- 
sial because any patient who has a cardiopulmonary arrest is 
potentially a candidate for ECPR; however, survival without 
disability is dependent on the quality of the CPR, expedi- 
tious deployment, and an understanding of the patient’s 
underlying condition. 32,53 


MODES OF ECMO SUPPORT 

Venoarterial 

ECMO support begins by accessing the vasculature in 
order to establish drainage and reinfusion sites. In new- 
borns and infants, perfusion cannulas are surgically placed 
in a vein—commonly the right internal jugular—and an 
artery—usually the right common carotid. This is the clas- 
sic venoarterial (VA) configuration in which deoxygen- 
ated venous biood is drained from the patient and biood 
that is fully saturated with oxygen is artificially pumped 
and returned to the arterial system (Figure 19-1, A). 54 This 
method provides support of lung and heart function. VA 
ECMO may also be established by accessing femoral arter¬ 
ies and veins or the heart directly by a transthoracic access, 
which is commonly used in postoperative cardiac pa¬ 
tients. 3 This is referred to as central cannulation and has 
also been used in patients with profound septic shock. 35 

Oxygen delivery is provided by a combination of biood 
flow generated by the ECMO system and by the patient’s 
own cardiopulmonary system. 34 The delivery of oxygen is a 
function of the oxygen content of the biood and the car¬ 
diac output, both of which can be augmented during VA 
ECMO. When the ECMO pump speed is increased, the 
biood flow rate increases and more of the patient’s output 
is håndled by the ECMO system. At maximal performance, 
about 80% of the patient’s cardiac output is supported by 
ECMO. Oxygenated biood is reinfused to the patient and 
combines with the patient’s native circulation. The oxygen 
content of the patient’s biood therefore depends on the 
relative contributions of each system. For example, take a 
neonate with severe lung disease: As more biood is håndled 
by the ECMO system, less is circulated through the native 
lungs, and gas exchange improves. Because of this parallel 
circulation, an increase in systemic Pao 2 during ECMO 
may reflect improving lung function, meaning an increased 
Pao 2 in the native circulation, or decreasing native cardiac 
output. Changes in tissue oxygen consumption and hemo- 
globin concentration will also alter oxygen content. 34 

Similarly C0 2 elimination is also a reflection of the 
combined biood flow of the ECMO system and the native 
cardiac output. As more biood is shunted—increased 
ECMO flow rate—the artificial membrane is the principal 
route by which C0 2 is removed. As lung function improves 
and pulmonary biood increases, the native functions of 
the lung assume more responsibility in C0 2 elimination. 

The VA route, although effective in supporting heart 
and lung functions, does so in a nonpulsatile manner un- 
like native cardiac function. 56 The diversion of biood away 
from the native cardiopulmonary system results in less 
pulsatile flow to the organs and disruption of the normal 
biood flow patterns. Additionally, because of the combina¬ 
tion of the reinfusion cannula orientation in the distant 
aortic arch and poorly oxygenated biood leaving the left 
ventricle, lower oxygen delivery to the coronary arteries may 
occurr. 3 Another potential disadvantage to venoarterial 
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FIGURE 19-1 Mechanisms of biood flow during extracorporeal membrane oxygenation (ECMO). 
A, In the venoarterial route, biood is removed from the right atrium via a cannula inserted in the right 
internal jugular vein. Oxygenated biood is returned to the aortic arch via a cannula in the right common 
carotid artery. The shaded area indicates unoxygenated biood. B, In the venovenous route, biood is also 
removed from the right atrium via a cannula inserted in the right internal jugular vein, but the oxygen¬ 
ated biood is returned to the venous circulation. The shaded area indicates unoxygenated biood. Biood 
in the pulmonary trunk has been oxygenated via the cardiopulmonary bypass machine. 


support is that any particle or bubble in the circuit may be 
directly infused into the arterial circulation and may lead to 
embolus formation. 58 

Venovenous 

In venovenous (W) support, biood is both drained and 
reinfused back into the venous circulation at the same rate, 
thereby providing only pulmonary support.The oxygen¬ 
ated biood mixes with the venous biood in the right atrium, 
raising the oxygen content and lowering carbon dioxide. 
Because both the drainage and reinfusion cannulas are in 
the venous system, some of the oxygenated biood returns 
to the circuit. This phenomenon, known as recirculation, 
decreases the efficiency of gas transfer between circuit and 
patient. The degree of recirculation is monitored by com- 
paring the oxygen saturation of the venous drainage (Svo 2 ) 


with the patient’s arterial oxygen saturation (Sao 2 ). 60,61 If 
Svo 2 is greater than Sao 2 , the recirculation is excessive, 
which would require either an adjustment in cannula posi¬ 
tion or change in biood flow rate. W ECMO does not pro- 
vide the same level of oxygenation as VA, and the maximal 
Sao 2 achievable can be as low as 85% until lung function 
improves. Because W ECMO is essentially operating in 
series with the native circulation, alterations in cardiac out¬ 
put will not have a significant effect on oxygenation. The 
volume of biood removed is equal to the volume reinfused, 
so there is also no effect on the patient’s hemodynamics. 

One advantage of W support is that carotid artery liga¬ 
tion is not required, full pulsatile native biood flow is 
maintained, and the potential for air or particulate emboli 
from the circuit is less. 62 A disadvantage is the lack of 
cardiovascular support. However, the presence of mild to 
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moderate myocardial dysfunction should not discourage 
the use of the W approach as the improved oxygenation 
and lower airway pressures achieved with implementation 
of W ECMO often improve cardiac function. 56 If myocar¬ 
dial dysfunction does not improve or worsens, however, 
conversion to VA support generally remains an option/' 

W is the preferred mode of ECMO support in infants 
and children with respiratory failure and is accomplished 
through either a two-cannula approach (W), 61 a double- 
lumen cannula (WDL), 62 or a bicaval dual-lumen can- 
nula. 63 In the two-cannula method, biood is drained from 
a femoral vein and reinfused through the right internal 
jugular vein. 64 Although the femoral vein could serve as 
the reinfusion site, return to the right side of the heart 
helps lessen recirculation and improve systemic oxygen¬ 
ation. In the larger patient, a second drainage cannula, 
established through the opposite femoral vein, may be 
needed to improve drainage in order to increase ECMO 
pump flow rate, hence VW-two femoral venous drainage 
cannulas and one reinfusion. 61 

Another approach to establishing W support is the use 
of a single cannula that has two channels or lumens—one 
for drainage and one for reinfusion—with the drainage 
lumen representing two thirds of the diameter and the rein¬ 
fusion one third. 62 The cannula is placed in the right internal 
jugular vein and is oriented with the reinfusion lumen supe- 
riorly so that the oxygenated biood returning to the right 
atrium is predominantly directed toward the tricuspid valve 
and subsequently the pulmonary circulation, which helps 
minimize recirculation (Figure 19-1, B). These cannulas had 
been limited to patients 10 kg or less until bicaval dual- 
lumen cannulas were developed. Bicaval dual-lumen can¬ 
nulas provide concurrent drainage and reinfusion similar 
to the infant WDL cannulas, with the difference being the 
presence of two drainage ports—one situated in the superior 
vena cava and one in the inferior vena cava. fo Proper orienta- 
tion of this cannula is critical so that arterialized biood is 
streamlined in the right atrium. 66,67 

ECMO SYSTEMS 

ECMO systems consist of durable components, including the 
pump, monitoring modules, gas metering devices, and water 
pump, and the ECMO circuit consisting of customized 
tubing kits, membrane oxygenator, and heater exchanger. 
Although there are institution-specific circuit designs and 
durable component preferences, the mechanics are fairly uni¬ 
versal and are best comprehended by considering the path of 
biood from drainage to reinfusion. 

Biood is always drained from the venous system, by 
gravity or actively through tubing connected to the venous 
cannula. Biood then flows to the pump and, in many de¬ 
signs, passes through a venous chamber or reservoir that 
serves as a safety mechanism and a place to monitor ve¬ 
nous drainage. The biood path proceeds to the pump, 
which is either a peristaltic roller design or centrifugal. 



FIGURE 19-2 Circuit for extracorporeal life support. Classic 
ECMO circuit—infant, VA mode, roller pump, and silicone 
membrane. 


At this point the biood is still deoxygenated until it tra¬ 
verses the artificial lung or membrane oxygenator where 
gas exchange occurs. Biood, fully saturated with oxygen, 
exits the membrane and is pumped into the reinfusion 
limb of the circuit where it is warmed in a heat exchanger 
and is then returned to the patient, thus completing the 
loop. Along the ECMO circuit there are ports for monitor¬ 
ing various pressures and for obtaining biood samples. 54 
Figure 19-2 depicts the classic ECMO circuit arrangement. 

Pumps 

Pumps used for ECMO are either occlusive roller pumps 
or nonocclusive centrifugal pumps. The purpose of the 
pump is to propel the biood through the contiguous 
ECMO circuit from the patient to the membrane oxygen¬ 
ator and back to the patient. There is some debate as to 
which pump is more beneficial. ECMO centers established 
in the earlier years used roller pumps primarily because of 
availability and ease of use. In the present ECMO era cen¬ 
trifugal pumps are becoming predominant as pump head 
design and streamlined systems have been developed. 68 

Roller Pumps 

Roller pumps are positive displacement devices that oper¬ 
ate on the principle of compression and displacement, 
with flow being achieved by the compression of a tubing 
segment between the pump’s wall and two roller heads 
that are spaced 180 degrees apart. The second roller begins 
compressing the tubing as the first roller is finishing; 
therefore the raceway is always being compressed. The tub¬ 
ing in the pump housing is referred to as the raceway. The 
output depends on the size of the tubing, the rotations per 
minute (RPMs), and the tension or occlusion of the rollers 
on the raceway. 

Evaluating raceway occlusion is essential; too much roller 
tension—overoccluding—may cause tubing damage and he- 
molysis, and too little roller tension—underoccluding—may 
result in inadequate flow. Occlusion adjustments are usually 
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made with a dial mechanism while observing the rate at 
which a column of fluid drops. When a column of fluid fails 
1 cm/min, occlusion is considered optimal—meaning the 
ideal flow rate with the least amount of raceway and biood 
cell damage. Occlusion may be judged less precisely by 
observing the peristaltic kick of the post-pump tubing, by 
physically feeling a pulse in the tubing, and by observing 
changes in membrane pressures. 

One drawback to roller pumps is that they are not 
pressure dependent and will continue to pump to deliver 
preset RPMs, which determines the flow rate. If excessive 
pressure builds up within the ECMO circuit, the pump 
will continue to spin until the problem is recognized or 
rupture occurs. For safe operation, a roller pump should 
incorporate a venous servoregulation system that consists 
of a compliant venous reservoir or biadder that resides in 
a stand placed close to the floor. This aids gravity drainage, 
which is the principal mechanism by which biood is intro- 
duced into a roller pump system. When venous return is 
sufficient to meet the demands of the flow rate, the venous 
reservoir is full and the roller pump spins freely at the set 
speed. As venous drainage decreases, the reservoir becomes 
less full and may even collapse completely, and either a 
mechanical switch in the biadder stand or pressure moni- 
toring relays this change in drainage volume to the pump, 
which will in turn slow its speed or stop all together. With- 
out this servoregulation, the pump will continue to oper¬ 
ate and eventually generate significant negative pressure 
and cause air entrainment. The classic venous reservoir is 
oriented horizontally and is prone to clot formation be- 
cause of stagnant areas. A more vertically designed reser¬ 
voir known as “the better biadder” eliminates stagnant 
zones and clotting potential and allows it to be positioned 
ofif the floor and doser to the patient. Pressure monitoring 
of venous reservoir is the more common approach to pro- 
viding servoregulation for roller pumps. 

Roller pumps are set to deliver a particular flow rate by 
adjusting RPMs. This results in the delivery of a consistent 
flow rate despite changes in patients’ hemodynamics. 
However, there is constant wear and tear on the raceway 
tubing and a raceway rupture is possible. This risk can be 
lessened if highly durable tubing with a larger diameter is 
used, allowing for fewer RPMs along with periodic shifting 
of the raceway to distribute wear and tear across the length 
of the raceway. 

Centrifugal Pumps 

Centrifugal pumps are nonocclusive devices; energy is 
transferred to the biood by a rapidly rotating cone-shaped 
pump head that creates a constrained vortex. 69 Biood is 
actively pulled inward and propelled outward by the energy 
created by the vortex; thus drainage is considered active. 
Because this type of pump is nonocclusive it is dependent 
on the patient’s preload and afterload. As preload de¬ 
creases, such as decreased venous drainage, or if afterload 
increases because of increased systemic vascular resistance, 


flow will decrease. Typically RPMs are set and the patient’s 
preload and afterload influence the amount of flow deliv¬ 
ered. In contrast to roller pumps, excessive pressurization 
will not occur, but flow delivery to the patient will be more 
variable. 

One feature of this type of pump is that shorter ECMO 
circuits can be used because a venous reservoir is not 
needed. Earlier centrifugal pump head designs caused 
more hemolysis because biood came in contact with the 
rotating parts. Modern centrifugal pump heads use a more 
floating head design so that biood passes over impellers 
that move the biood along with less contact. 69 

Artificial Gas Exchange Devices 

Artificial gas exchange devices, also known as membrane 
oxygenators or diffusion membranes, substitute the oxy¬ 
gen and carbon dioxide exchange mechanism of the native 
lung. These devices are separated into gas and biood com- 
partments and are highly efficient. There are two general 
types of membranes, silicone and microporous. 

Silicone Membrane 

Most of the experience in ECMO has been with the silicone 
rubber membrane originally designed by Kolobow and 
Bowman. 8 This membrane consists of a flat silicone mem¬ 
brane envelope wound in a spiral coil around a polycarbon- 
ate spool (Figure 19-3). The biood path and gas channel 
are separated by the semipermeable silicone membrane. 
While the biood is pumped through its compartment, a 
ventilating gas, known as the sweep gas, flows countercur- 
rent through the gas compartment. The sweep gas provides 
a constant fresh source of oxygen and provides rapid re¬ 
moval of carbon dioxide by the creation of a gradient or 
driving pressure. Silicone membranes come in various sizes 
and surface areas. These devices are somewhat time con- 
suming to prepare because meticulous deairing by physical 
tapping is required to ensure that air embolisms do not 
occur once connected to the patient. 

Gas transfer across the membrane depends on the com- 
position of the gas, the thickness of the membrane, the 
surface area, and the difference in the partial pressure of 
the gases on each side of the membrane. This partial- 
pressure difference is referred to as the driving pressure or 
the transmembrane pressure. 

The driving pressure is different for each gas. For exam- 
ple, if the concentration of the sweep gas is 100% 0 2 , the Po 2 
in the gas channel will be 760 mm Elg, and assuming the 
venous Po 2 entering the biood compartment will be ap- 
proximately 30 mm Hg to 40 mm Hg, there will be an 0 2 
driving pressure of 730 mm Hg (760 — 30 mm Hg), moving 
oxygen into the biood (Figure 19-4). The driving pressure of 
C0 2 is significantly less—0 on the gas side and 48 mm Hg in 
the biood, so only a 48 mm Hg force moves C0 2 into the gas 
compartment. Despite this small driving pressure, however, 
C0 2 exchange is efficient because silicone rubber is six times 
more permeable to C0 2 than to 0 2 . Because of this efficiency, 
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FIGURE 19-3 Diagram of membrane oxygenator (top) and the membrane unwound ( bottom ) to dem- 
onstrate the large surface area used for gas exchange. 



FIGURE 1 9-4 Schematic drawing of the membrane oxygenator, 
illustrating separation of biood and gas compartments, with 
transfer of gases across the silicone membrane because ofa pres¬ 
sure gradient. PCO 2 , Carbon dioxide partial pressure; PO 2 , oxygen 
partial pressure; Pvco 2 , mixed venous carbon dioxide pressure; 
Pvo 2 , mixed venous oxygen pressure. 


sweep gas composition is typically a combination of 0 2 and 
CO 2 , commonly referred to carbogen. The transfer rate of 
0 2 is also limited by the thickness of the biood film between 
the membrane layers. As the biood film becomes thicker, the 
oxygenating efficiency decreases. 

Carbon dioxide clearance decreases as water accumu- 
lates in the gas compartment of the membrane, because of 
the temperature difference between the two sides of the 
membrane. The warm biood and the cooler gas allow con- 
densation to occur. A minimal fresh gas flow is required for 
continuous flushing of these water droplets. Unfortunately, 
the minimal flow rate required to remove condensation 
usually results in excessive elimination of carbon dioxide as 
well. To compensate for this, sweep gas is often blended 
with a carbogen mixture, which reduces the driving pres¬ 
sure across the membrane and maintains normocarbia. 

Microporous Membrane 

Microporous or hollow-fiber membranes are made of woven 
capillaries of microporous plastic. Gas passes through the 
capillaries while biood flows around them 1 (Figure 19-5). 
The microporous membrane has excellent gas exchange ca- 
pabilities and low resistance and is easy to prime and deair. 
Older versions were prone to condensation or wetability, 



Gas outflow 

FIGURE 19-5 Diagram ofa microporous membrane oxygenator. 
(From Meyer A, Struber M, Fischer S. Advances in extracoporeal 
ventilation. Anesthesiol Clin 2008;26:381.) 


and plasma leakage occurred over long durations, which 
made it less desirable for long-term use. 2 However, ad¬ 
vances have been made in microporous technology with 
the introduction of polymethylpentene-sealed fibers, which 
resists the wetting-out or leaking phenomenon. 0 

Gas exchange in this type of membrane occurs by sim¬ 
ple diffusion, which is influenced by the composition of 
sweep gas and the biood flow rate. 

Temperature Regulation 

As biood travels through the ECMO circuit, heat is con- 
tinually lost from the exposed surface of the tubing and 
through the oxygenator because of the cooling effects of 
the sweep gas and water evaporation. Therefore the ECMO 
system has to have the capability of providing temperature 
regulation. This is accomplished by either the addition of 
a separate heat exchanger, such as used with a silicone 
membrane, or with an integral heat exchanger common to 
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most microporous devices. The heat exchanger is con- 
nected to a water pump that heats the water and regulates 
the temperature. The patient’s temperature is monitored 
and the temperature of the water is adjusted to maintain a 
target temperature range. Although the water pump is 
mainly used for warming, it can also be used for cooling, a 
strategy employed to aid in neuroprotection of patients 
after resuscitation, or to slowly rewarm a hypothermic 
patient. Water pumps are also capable of monitoring 
biood temperature and providing servoregulated tempera¬ 
ture control. 72 

In the add-on heat exchanger used with silicone 
membranes, water flow is countercurrent to biood flow to 
improve heat transfer. In microporous membranes the 
water flows through integral fibers adjacent to biood fibers 
for maximum heating. 

Circuits and Circuit Preparation 

ECMO circuits consist of a contiguous loop of polyvinyl 
chloride tubing arranged in a sterile pack that contains all 
the necessary disposable components to easily and some- 
times rapidly prepare a system for patient use. Most institu¬ 
tions have designed configurations based on the type of 
pump used and the patient population. The ideal ECMO 
circuit should be as streamlined as possible, contain minimal 
access points, and be long enough to have a safe distance 
between pump and patient while minimizing overall circuit 
volume. Another attribute that is somewhat debatable is 
use of components that are coated with biocompatible 
substances composed of protein- and heparin-based com- 
pounds, which may make the circuit less thrombogenic and 
trigger less of an inflammatory response—the circuit being 
less foreign as biood comes in contact with it. 3/4 

Circuits designed for infants are mainly V 4 inch in di¬ 
ameter, with the exception of the raceway if a roller 
pump is used, in which case the raceway may be 3 /s inch 
so that lower RJPMs may be used. Large-diameter tubing 
is used for larger patients who require higher flow rates- 
for instance, pediatric circuits usually contain 3 /s-inch 
diameter tubing. ECMO circuits contain a small section 
of tubing between drainage and reinfusion limbs, re- 
ferred to as a bridge. The purpose of the bridge is to 
maintain flow through the circuit while the patient is 
isolated from ECMO support during troubleshooting 
procedures or elective weaning trials. 

Once a circuit is inspected and arranged on the ECMO 
system, a sequential priming procedure is performed; for a 
silicone membrane this includes flushing the circuit with 
C0 2 , applying vacuum to the gas ports, fluid priming 
with a crystalloid solution, deairing, and finally biood 
priming. During the first step, the air-filled circuit is 
replaced with C0 2 , which is highly soluble in biood and 
decreases the risk of microbubbles. Vacuum is applied to 
the gas ports of the membrane to help expand the biood 
compartment. This is followed by the introduction of 
the crystalloid solution, which completely filis all spaces 


within the circuit. Once fluid filled, all access points are 
fluid primed and all connections double-checked 
for tightness. Before the blood-priming step, albumin is 
added, which provides a more biocompatible protein coat¬ 
ing. Circuits with microporous membranes can be pre- 
pared more rapidly because the process begins with the 
crystalloid prime and is followed by deairing, which is 
faster and easier as air moves readily across the mem- 
brane’s fibers. 

Cannulas and Establishing Support 

The ECLS circuit begins and ends with the cannulas. The 
cannulas chosen influence the maximal flow rate that the 
system can achieve. The ideal cannula should be thin 
walled to achieve the largest internal diameter possible, 
kink resistant, and radiopaque. Wire-reinforced cannulas 
have many of these characteristics. A standardized rating 
system, the M number, has been developed to score various 
devices on their pressure-to-blood flow characteristic. 75 A 
device with a low M number indicates that a higher biood 
flow rate is possible at a lower pressure. 

The arterial cannula is the source of highest resistance 
in the circuit because of its small diameter. Because he- 
molysis can occur at system pressures exceeding 350 mm Hg, 
it is important to select an arterial cannula large enough to 
handle the anticipated flow rates for a given patient. 60 The 
major differences between the venous and arterial cannu¬ 
las are that the lower portion of the venous cannula has 
multiple side ports for optimal drainage, whereas the arte¬ 
rial cannula is shorter to reduce resistance. In addition to 
the diameter of the venous cannula, drainage depends on 
cannula position, right atrial pressure, and the height of 
the patient in a gravity-dependent roller pump system. 
Subtle manipulations of these variables may be necessary 
to optimize flow. The most common causes of a decrease 
in venous return include malpositioning of the venous 
cannula, kinking of the cannula, shifting of the mediasti- 
num, and a hypovolemic State. 

The cannulation procedure begins with the deployment 
of a surgical team, applicable instruments, and related 
equipment to the patient’s bedside. While the patient is 
prepped, the ECMO specialist prepares the ECMO system 
and circuit. Establishing ECMO, although critical, is con- 
sidered either elective, in which case the circuit is primed 
with biood, or emergent such as an ECPR application, 
when there is generally insufficient time to complete the 
full biood prime step. The surgeon and ECMO specialist 
confer on the mode of support, type of cannula, and alter¬ 
natives if cannulation becomes difficult. Once the cannu¬ 
las are surgically placed and secured, the ECMO circuit is 
connected to the patient with verification that drainage 
and reinfusion lines are connected to the correct cannulas. 
The ECMO pump is activated and several simultaneous 
observations are made, including hemodynamics, oxygen 
saturation, venous return, ability to achieve desired flow 
rates, ECMO circuit pressures, and patient temperature. 
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Once the ECMO flow is established and the patient has 
been stabilized, a chest radiograph is obtained to confirm 
cannula position, and on occasion echocardiography is 
used to further verify cannula position and flow patterns, 
particularly with WDL. 

Hemofiltration 

It is not uncommon for patients requiring ECMO to develop 
renal insufficiency from pre-ECMO fluid resuscitation, acute 
renal dysfunction, and biood product replacement. 76 To aug- 
ment renal function and remove larger quantities of fluid, a 
semipermeable membrane or hemofilter can be added to 
the ECMO circuit. The semipermeable membrane, similar 
to hemodialysis filters, uses hydrostatic pressure to move 
plasma water from the high-pressure biood side across the 
low-pressure filter. This results in the removal of plasma 
water and medium-sized solutes but preserves large cell ele¬ 
ments and protein in the biood. 

The hemofilter is commonly positioned after the ECMO 
pump with the return occurring on the prepump side of 
the circuit—a postpump to prepump shunt. Filter efflu- 
ence can be regulated by restricting the hemofilter outlet 
or using a secondary pump in order to achieve a specific 
output. Standalone renal replacement therapy systems are 
also used in series with the ECMO system. There are two 
approaches to using these filters, hemoconcentration and 
ultrafiltration. Hemoconcentration is the rapid removal of 
plasma water to reverse hemodilution associated with crys- 
talloid priming. Ultrafiltration is a more gradual removal 
of fluid. 77 

CLINICAL MANAGEMENT 
Anticoagulation 

As biood comes in contact with the ECMO circuit, a layer 
of protein adheres to the foreign surfaces and ultimately a 
thrombus is formed. For biood to flow through the ECMO 
circuit, anticoagulation must be established and closely 
monitored. This is accomplished by the continuous infu¬ 
sion of heparin. 78 

Heparin has no direct anticoagulant effect on the biood 
by itself but combines with a cofactor, antithrombin III 
(ATIII), to prevent thrombi from forming. This stops the 
conversion of fibrinogen to fibrin and ultimately prevents 
biood from clotting. A deficiency in ATIII can cause hepa¬ 
rin to be ineffective, resulting in use of excessive amounts 
of heparin. If excessive clotting in the circuit is noted, a 
deficiency in ATIII is a possible cause. 79 

The classic method for monitoring anticoagulation is 
by measuring the activated clotting time (ACT) with a 
point-of-care device. The heparin dose is titrated to achieve 
an ACT range of typically 160 to 180 seconds. 80 Although 
the ACT is a simple bedside test, it does not fully monitor 
the complex of the clotting system, and other laboratory 
tests, including monitoring anti-factor Xa activity in con- 
junction with ATIII, provide a more complete assessment. 81 


Monitoring Circuit Function 

ECMO systems are equipped with integrated safety sys¬ 
tems and adjunct components that provide continuous 
monitoring of various circuit functions. 82 The water pump 
previously described can be autoregulated with the use of 
a biood temperature probe placed within the membrane 
oxygenator. A particular temperature is targeted, and the 
water temperature is cooled or warmed accordingly. 

There are adjunct devices that continuously monitor 
biood gases, chemistry values, and hematological parame¬ 
ters such as hemoglobin and hematocrit. These provide 
the ECMO specialist with early warning signs of physio- 
logical changes. Additional monitored parameters include 
venous saturation, which is mainly used to gauge the de- 
gree of recirculation during W ECMO. 

The 0 2 -C0 2 concentration of the sweep gas is regulated 
by flow meters from oxygen air blenders and standalone 
C0 2 cylinders. The sweep gas lines can contain an oxygen 
analyzer equipped with alarms that provide the user with 
warnings of low C0 2 cylinder pressure or inadvertent 
changes in sweep gas flow rate. 

Circuit integrity is monitored by visually inspecting the 
circuit and components for thrombus and air, and by con¬ 
tinuously monitoring pre- and postmembrane pressures. As 
circuit or membrane resistance changes, as is common with 
clot formation, the pressures will change. As an example, a 
membrane that has been used for a fairly prolonged dura¬ 
tion will tend to develop clots and increased resistance, 
which would be identified by an increase in premembrane 
pressure. 

Membrane function is also evaluated by periodically 
measuring pre-and postmembrane biood gases. Gas ex- 
change across the membrane may become less efficient 
over prolonged ECMO duration, which may be diagnosed 
by changes in the pre- and post-blood gas values. For in- 
stance, a narrower pre- and postmembrane Pco 2 gradient 
is suggestive of a decrease in C0 2 elimination. 

Another commonly used adjunct monitor measures the 
biood flow rate by an externally applied ultrasonic probe 
on the reinfusion limb of the circuit. This displays the true 
flow rate and is particularly important to observe when 
there are built-in shunts in the circuit such as used when 
adding hemofiltration. 

An additional commonly used safety device is an air or 
bubble detector, which consists of a probe clipped onto 
the external aspect of the circuit and can be placed on ei- 
ther the drainage or reinfusion line. The purpose of the 
bubble detector is for biood flow to cease in the presence 
of an air bubble so that the bubble does not reinfuse into 
the patient and cause an air embolism, particularly con- 
cerning during VA ECMO because there is direct commu- 
nication with the arterial system. Bubble-sensing devices 
are programmed to directly communicate with the pump 
so that if a bubble or microbubble is sensed, the pump im- 
mediately stops and a warning alarm signals. In some 
centrifugal pumps the air detection and flow measurement 
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occur with the same sensing mechanism integrated into 
the pump drive (Box 19-2). 

Hemodynamics 

Hemodynamic parameters are continuously monitored 
during ECMO and at a minimum heart rate and biood 
pressure. In the cardiac patient additional heart pressures, 
such as central venous, left atrial, and pulmonary artery 
pressures, may be also monitored. Observing changes in 
biood pressure is imperative during ECMO, particularly in 
newborns because anticoagulation combined with hyper- 
tensive periods may result in an intracranial hemorrhage. 
Causes of hypertension include discomfort, increase in 
afterload, changes in neurological status, and sudden or 
inadvertent increases in ECMO pump flow rate. Hypoten- 
sion is associated with increases in urine output, bleeding, 
decrease in afterload, cardiac tamponade, tension pneu- 
mothorax, or sudden or inadvertent decreases in pump 
flow rate. Additionally, roller pump occlusion that has 
loosened will cause a lower actual flow delivered to the 
patient even though the same RPMs are being used; this 
would result in a decrease in biood pressure. 

During W ECMO, biood pressure support may be 
needed initially until the patient’s condition moves from 
the acute phase to a more stable period. Biood pressure 
is supported with the use of vasoactive agents and fluid 
replacement. As previously noted, VA ECMO supports 
cardiac function; therefore, biood pressure lability is not 
usually an issue unless the patient develops a capillary 
leak, in which fluid moves from the intravascular compart- 
ment to the extravascular space. The patient develops total 
body edema and preload falls to a point where drainage 


decreases and ECMO pump flows need to be reduced. 
When using centrifugal pumps, changes in preload and 
afterload affect pump flow rate, which in turn influences 
biood pressure. 

In cardiac patients, particularly in the postoperative 
period, additional parameters including central venous 
pressure and left atrial pressure—the filling pressures of 
the heart—provide useful information on heart function. 
In the failing heart, high filling pressures are a sign the 
heart is not effectively ejecting. This can be remedied by 
increasing the mechanical support to relieve the heart’s 
work. Occasionally an additional drainage cannula may be 
placed in the left atrium to help further unload the heart. 

Organ Perfusion 

Preserving end-organ perfusion by providing sufficient oxy¬ 
gen delivery to the tissues is the fundamental goal of sup- 
porting the patient with ECMO. This can be monitored by 
observing routine laboratory indices of hepatic, renal, and 
cardiac function and by also monitoring Svo 2 and the pa¬ 
tient’s acid-base status. Tissue perfusion is dependent on 
adequate biood oxygen content and the delivery of that 
oxygen, which is influenced by the native cardiac output 
and the ECMO pump flow rate. In a high oxygen demand 
State the Svo 2 may decrease from the usual normal of 75%; 
assuming the oxygen content of the biood is adequate— 
meaning sufficient hemoglobin—the delivery can be en- 
hanced by increasing the ECMO flow rate. 

During the acute postcannulation phase, the patient 
may require ECMO pump flow rates on the order of 100 to 
150 ml/kg, which represents approximately 70% to 80% of 
the patient’s cardiac output. The patient acid-base status 
may correct slowly or quickly depending on the disease 
and severity of illness in the pre-ECMO period. For in- 
stance, a patient with severe sepsis and profound meta- 
bolic acidosis will take longer to stabilize than a newborn 
with a primary respiratory problem. The septic patient 
may require higher ECMO flow rates, Chemical buffering, 
and biood transfusions in order to clear or correct the 
acidemia. 

Laboratory Tests 

A series of laboratory tests are routinely monitored during 
an ECMO course and include biood and platelet counts, 
hemoglobin and hematocrit, biood gases, and also coagula- 
tion studies. The interaction of biood with the foreign sur- 
face of the ECMO circuit affects platelets the most. Platelets 
have a tendency to attach to areas in which fibrinogen is 
present, which causes a platelet consumption phenomenon, 
requiring the platelets to be transfused, generally on a daily 
basis. As previously noted, adequate hemoglobin levels are 
necessary to ensure sufficient oxygen content. Because peri- 
odic biood tests are required, the patient’s hematocrit and 
therefore hemoglobin tend to fali but are easily corrected 
with periodic transfusions of packed red biood cells. In the 
bleeding patient, hematocrit is monitored more frequently 
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so that transfusions are expedited. Coagulation studies, 
including prothrombin time and fibrinogen levels, are mon¬ 
itored and replaced with fresh frozen plasma and cryopre- 
cipitate, respectively. 

Neurological Assessment 

Ensuring adequate perfusion to the brain is vital and is 
evaluated by physical examination and bedside imaging. 
To prevent inadvertent dislodgement of cannulas, patients 
requiring ECMO are kept sedated or, in very tenuous cir- 
cumstances, chemically paralyzed, somewhat limiting the 
clinical neurological examination. In newborns, serial head 
ultrasounds are obtained to identify any development of 
intracranial bleeding. 83 Continuous near-infrared spec- 
trometry may be used to gauge brain perfusion, and the 
availability of portable head CT scans is another welcome 
advancement. 

In the early ECMO epoch it was not uncommon to 
maintain paralysis throughout the entire duration of 
ECMO. 84 As the learning curve tapered, clinicians became 
more comfortable with the conscious patient as long as the 
ECMO circuit and cannulas were secure and stable. Be- 
cause ECMO was primarily used in newborns and carotid 
ligation and anticoagulation were unavoidable, intracranial 
hemorrhage became a primary concern and continues to be 
one of the greatest risks to the procedure. 83 However, the 
use of antifibrinolytic medications has allayed this concern 
somewhat because these medications can help minimize 
the progression of an intracranial hemorrhage so that the 
ECMO course can continue, and ECMO can be offered 
to the newborn with a preexisting but minor intracranial 
bleed. 86 

A recent paradigm shift has occurred with ECMO being 
used to support patients with more chronic conditions, 
such as cystic fibrosis, and as a bridge to lung transplanta¬ 
tion. 87 Recognizing the waiting period for donor lungs 
could be long, ECMO centers are managing patients with 
minimal sedation, liberation from mechanical ventilation, 
and even ambulation. This aids in optimizing the patient’s 
physical condition and permits the ability of the patient 
to interact, which enables a more complete neurological 
assessment. 88 

Respiratory Support 

The goals of respiratory support vary depending on the rea- 
son for ECMO—primary cardiac versus primary respiratory. 
Regardless, because of the ability of an artificially manipu- 
lated gas exchange, a lung-protective approach is generally 
strived for. The patient requiring ECMO for a primary car¬ 
diac reason is not likely to have significant pulmonary is- 
sues, in which case the ventilator strategy is to maintain 
lung function as near normal. In this scenario the ECMO 
ventilator settings are minimized to achieve a tidal volume 
of around 5 to 7 ml/kg and PEEP to maintain sufficient 
end-expiratory lung volume—typical settings would be 
PCV-SIMV (pressure controlled ventilation - synchronized 


intermittent mandatory ventilation), 10 to 12 breaths per 
minute, PIP/PEEP 25 to 27/5 to 7 cm H 2 0. In the cardiac 
patient who has significant pre-ECMO pulmonary edema 
from heart failure, higher levels of PEEP may be applied 
until the heart is fully supported and the edema clears. 

In patients with a primary respiratory indication for 
ECMO, the approach is to achieve what is commonly re- 
ferred to as “lung rest.” In these patients the pre-ECMO 
scenario likely would have necessitated the use of high 
mean airway pressures and advanced modes that would be 
near injurious, hence the need for ECMO. Once ECMO is 
established, the ventilator is adjusted to achieve a strict 
lung-protective approach. 

In the classic ECMO case of a newborn with MAS 
and PPHN, ventilator settings would be PCV-SIMV, 12 to 
15 breaths per minute, PIP/PEEP 25/5 cm H 2 0 with an Fio 2 
of 0.40. Periodic chest radiographs would be obtained to 
gauge improvements in the disease process—the lung helds 
would have gradually and steadily improved aeration—and 
progressive increase in tidal volume would indicate im¬ 
proved lung compliance. After 5 to 7 days the patient would 
be ready to be assessed for a trial separation from ECMO. An 
infant or child with viral pneumonia would likely have a 
more prolonged ECMO course because the reversal process 
would take signihcantly longer. In this setting, resting set¬ 
tings may be similar to the newborn with MAS and PPHN, 
or a high level of CPAP such as 10 to 12 cm H 2 0 may be used 
to try to maintain some alveolar recruitment. 89 In contrast, 
the patient requiring ECMO for a primary air leak is main- 
tained on very low ventilator settings to promote complete 
healing of the leak, and for the most recalcitrant air leaks, 
apneic oxygenation may be employed. Other respiratory 
support includes routine artificial airway care. 

In VA support the ventilator Fio 2 is usually maintained 
at 0.40 to ensure that the coronary arteries receive oxygen- 
ated biood because reinfused biood preferentially streams 
to the descending aorta, whereas coronary perfusion is 
predominately from the ascending limb. Therefore biood 
returning to the left atrium will have a higher Pao 2 with 
the ventilator set to 0.40 as opposed to 0.21. 

Fluid and Nutrition 

Maintaining a neutral huid balance is challenging during 
ECMO because in the pre-ECMO period patients typically 
receive large amounts of huid, for biood pressure and car¬ 
diac output support, and resuscitation. Once ECMO is es¬ 
tablished, patients require periodic replacement of biood 
components, daily huid associated with medication infu¬ 
sions, and nutrition. The patient who has near-normal renal 
function can typically handle the increase in huid and with 
supplemental diuretics can achieve a neutral balance. Renal 
function may be impaired and worsen during ECMO in the 
patient who has experienced prolonged periods of hypox- 
emia and hypoperfusion in the period before ECMO. 76 

Preserving renal function is vital during ECMO and 
is hindered by the nonpulsatile nature of ECMO how. 
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The longer the ECMO duration, the more likely that renal 
insufficiency will develop. If renal insufficiency persists 
despite diuretic therapy, it can be managed with the use of 
an inline hemofilter, as previously described, or a standalone 
continuous renal replacement therapy device. Dependence 
on artificial means of fluid removal is not recommended 
because renal insufficiency can lead to renal failure, in which 
case hemodialysis is required and complicates the post- 
ECMO transition/ 6 

There is no consensus on the approach to nutrition 
during ECMO. One concern is that gastric motility is im- 
paired with the use of sedation and paralytics. Hyperali- 
mentation is commonly used, but more and more centers 
are becoming more liberal with the volume and caloric 
makeup of gastric feedings. Certainly a fully awake patient 
who is extubated but being maintained on long-term 
ECMO support may better tolerate gastric feeding than a 
heavy sedated neonate. Nonetheless, a nutrition plan has 
to be established and advanced as tolerated. 

Box 19-3 describes general clinical management guide¬ 
lines. 


LIBERATION FROM ECMO 

Once ECMO support is established and the patient is sta¬ 
ble, much of the care, ongoing assessments, and proce¬ 
dures are routine and driven by standardized prescriber 
orders and treatment algorithms. As the patient’s condi- 
tion improves, the focus is directed toward assessing the 
patient’s ability to be separated from ECMO support. 
There are two approaches, weaning and periodic testing, 
and these fundamental approaches apply to both cardiac 
and respiratory applications. 

With respect to ECMO, weaning is considered the gradual 
reduction of ECMO flow rates with concomitant gradual 
increases in ventilator support. This approach, amendable to 
the respiratory patient, theoretically parallels the improve- 
ment in lung function. Once ECMO flow rates are weaned 
to around 20 to 30 ml/kg, ECMO support is considered 
minimal. At this point if reasonable ventilator settings result 
in adequate gas exchange, the patient is isolated from the 
ECMO circuit. 

An alternative approach is to maintain ECMO support 
and lung rest until evidence exists that the patient may 
be able to be supported without ECMO. This evidence 
may be serial lung compliance checks, chest radiograph 
appearance, and the need to add more C0 2 into the sweep 
gas as more native C0 2 removal has occurred. 90 The next 
step is to increase the ventilator settings to clinically safe 
and acceptable levels and then to perform a trial separa¬ 
tion from ECMO. During the separation, serial biood 
gases are obtained to assess gas exchange on the chosen 
ventilator settings. A set of decannulation criteria are es¬ 
tablished, and if the patient meets these requirements, 
ECMO is discontinued. 

Each approach has its merits, and neither has been 
shown to have any significant advantages over the other. 
Weaning gradually returns the work of the lungs while the 
periodic test imposes more work in a shorter period. Dur¬ 
ing weaning there may be less time spent at true lung rest 
settings, and the ECMO circuit is at lower flows for longer 
duration, which may lead to more stagnation and clotting. 

In the cardiac patient, return of heart function is the 
focus and both weaning and periodic testing can be used. 
Weaning is used to gradually “reload” the heart and to 
allow it to gradually assume all the pumping for the body. 
Quite often an echocardiogram is used to assess ventricu- 
lar function while ECMO flows are reduced. The periodic 
testing is also used and the patient’s hemodynamic profile 
used as the evidence for a trial separation. 

The goal of assessing a patient’s readiness to be liber- 
ated from ECMO is to verify that the ventilator support or 
hemodynamic support needed to keep the patient stable 
without ECMO is not too extreme. For instance, if high 
mean airway pressures are required to achieve desired 
clinical targets in a patient with respiratory failure, the 
underlying condition may not have fully reversed and 
ECMO should be continued. Similarly, if high doses of 


Box 19-3 


General Clinical Management 
Guidelines 


ANTICOAGULATION WITH CONTINUOUS HEPARIN 
INFUSION 

• Ensure safe and therapeutic dose 

• Activated clotting time 180 to 200 seconds 

• Anti-factor Xa activity 0.3 to 0.7 

• Antithrombin III morethan 70% 

HEMODYNAMIC MONITORING 

• Heart rate 

• Biood pressure 

• Filling pressures 

• Temperature 

• Spo 2 

ORGAN PERFUSION 

• Renal function 

• Liver function tests 
LABORATORY TESTS 

• Gas exchange 

• Arterial biood gases 

• Lactic acid 

• Hematological 
NEUROLOGICAL ASSESSMENTS 

• Pupillary reflexes 

• Pain and comfort 

• Imaging 

RESPIRATORY SUPPORT 

• Lung-protective ventilation 

• Airway clearance 
FLUID AND NUTRITION 

• Balance intakes and outputs 

• Assess gastric motility 








CHAPTER 19 • Extracorporeal Membrane Oxygenation 367 


vasoactive agents are required to maintain the biood pres¬ 
sure of a patient with cardiac failure, the heart may not be 
ready to assume most of the work. 

Although a subsequent ECMO course is possible, it is 
technically challenging and has added risk. 91 Therefore, 
parameters for weaning and trialing off ECMO need to 
provide the clinician with optimal information in order to 
make the decision to discontinue ECMO without added 
morbidity. Once the decision to discontinue ECMO is 
made, a surgical team is assembled and the cannulas are 
removed. 

COMPLICATIONS 

Complications associated with ECMO are generally re- 
lated to equipment and technical issues or are more physi- 
ological in nature and can be attributed to the patient’s 
biood coming into contact with the foreign surface of the 
ECMO circuit. There is a balance of achieving anticoagula- 
tion to abate thrombus formation and maintaining circuit 
integrity while minimizing the risks of bleeding. 

Technical 

One of the duties of an ECMO specialist is to monitor the 
functions of the ECMO system and employ troubleshoot- 
ing procedures to address circuit malfunctions.’ 2 One im- 
portant aspect is to assess the patient’s ability to remain 
stable without ECMO support should the patient need to 
be isolated so that a repair or circuit change can be exe- 
cuted. Few ECMO circuit problems arise that require the 
patient to be acutely removed from support, with the rare 
exception of a sudden, unplanned decannulation, tubing 
or component rupture, or a witnessed air embolism. Most 
circuit interventions can be executed in a logical and 
methodical manner and with minimal interruption in 
support. Troubleshooting procedures are developed for 
the replacement of the entire circuit or components such 
as the roller pump tubing, membrane oxygenators, heat 
exchangers, and hemofilters. 93 

The durable components of an ECMO system such as 
the pump, water bath, and adjunct monitors are subject 
to mechanical failure and may need to be replaced, and 
standby equipment is maintained as a precaution. The 
ECMO pump typically has a battery backup in the event of 
power failure. Manual cranking devices are also available 
and can substitute the mechanical action of the pump if a 
sudden failure occurred and battery backup malfunc- 
tioned. The water pump can cease to pump water and 
cause the patient to become hypothermic, which would be 
remedied by replacing the water pump. Other monitoring 
devices are not as critical and will not cause potential 
patient harm if they malfunction. 

Physiological 

The most concerning patient complication that can occur, 
particularly in the newborn, is an intracranial hemorrhage 


(ICH). The use of ECMO in newborns has greater risks 
because of anticoagulation requirements and cerebral 
biood flow changes associated with the ligation of the 
right internal jugular vein and the right common carotid 
artery. As previously mentioned, during the ECMO course 
newborns receive serial head ultrasounds to identify the 
presence of ICH and to gauge the progression of the ICH. 
The slightly premature newborn who experiences periods 
of hypoxemia and acidosis is even more susceptible. Strate¬ 
gies to minimize the risk of an ICH include continuous 
biood pressure monitoring and avoidance of hypertensive 
periods and strict anticoagulation parameters. 

In the early ECMO era, infants born at less than 

35 weeks of gestation seemed to have a higher incidence of 
ICH, which led to the recommendation that ECMO be 
limited to infants born at more than 36 weeks of gesta¬ 
tion. 85 Although this seemed to be a prudent approach, it 
eliminated potentially lifesaving treatment to a wider 
range of newborns. To address this concern and be able to 
offer ECMO to more neonates, Wilson and colleagues in- 
vestigated the use of aminocaproic acid, an antifibrinolytic 
drug that prevents the degradation of thrombus forma¬ 
tion.” The use of this medication greatly reduced the inci¬ 
dence of ICH, allowed the use ECMO in infants born before 

36 weeks of gestation, and also decreased the incidence of 
postoperative bleeding in patients with CDH. One draw- 
back to the use of amnicaproic acid is that it did result in 
increased thrombus formation in the ECMO circuit, which 
required more circuit interventions. 

Bleeding is the predominant complication associated 
with ECMO. In addition to ICH, bleeding can occur at the 
cannula site; at surgical incisions; and at oropahryngeal, 
pleural, and any other intravenous or access points in the 
patient. Bleeding usually can be controlled by closely 
monitoring coagulation studies, maintaining strict antico¬ 
agulation parameters, and repleting biood components. 

OUTCOMES 

Surviving an ECMO course without added morbidity and 
surviving to hospital discharge without any disability are 
the main objectives of ECMO. As previously stated, the 
bulk of the ECMO experience initially was in newborns 
with hypoxemic respiratory failure, who responded well 
to a relatively brief ECMO duration. However, concerns 
about the long-term well-being of these infants were raised 
and prompted longitudinal studies on their neurodevelop- 
mental outcomes. 

The neonatal brain is highly adaptive and responds well 
to the collateral circulation established in the presence of 
carotid artery and jugular vein ligation. 94 Early follow-up 
studies of children who required ECMO support in their 
neonatal period have been favorable and indicate few long- 
term deficits. 9 These studies have failed to identify any 
specific risk factors, such as pre-ECMO severity of illness, 
or modes and timing of support. The largest and most 
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comprehensive follow-up studies have been conducted in 
the United Kingdom and have shown that ECMO is clearly 
beneficial for newborns with severe respiratory failure and 
that the risks are well balanced with strong survivability 
and without significant disability. 96,97 

The ELSO registry describes a survival to discharge rate 
of more than 65% in 27,000 infants and children sup¬ 
ported with ECMO over a 24-year period. 1 This likely 
represents a significant number of patients who would 
have otherwise died. 


CLINICAL HIGHLIGHT 


Background 

A 3.5-kg male infant was transferred to the newborn ICU 
with severe respiratory failure associated with PPHN. The 
patient was intubated and transitioned from CMV to HFOV 
at 1 2 hours of life. The patient required Paw of 35 cm H 2 0, 
amplitude of 56 cm H 2 0, Fio 2 0.95, with 20 ppm iNO. The 
Ol increased from 42 to 50 over a 6-hour period, at which 
point the decision to use ECMO was made. The venovenous 
route was selected because the patient had good cardiac 
function and required little biood pressure support. A WDL 
cannula was surgically inserted into the patient’s right inter¬ 
nal jugular vein and subsequently connected to a blood- 
primed ECMO circuit consisting ofa centrifugal pump and 
microporous membrane. The biood flow rate was adjusted 
to 100 ml/kg/min and sweep gases consisting of 0 2 and C0 2 
were titrated to clinically acceptable biood gases. The patient 
was stabilized over several hours and iNO was discontinued. 
Over the next 5 days the patient was made comfortable with 
sedatives and analgesics, and a head ultrasound was periodi- 
cally obtained, revealing no abnormalities and no hemor- 
rhage. Anticoagulation was maintained, hemostasis achieved, 
and ECMO circuit integrity and function closely monitored. 
The patient’s lung compliance improved by day 5 and there 
was no more evidence of pulmonary hypertension as deter¬ 
mined by echocardiography. The patient was successfully 
separated from ECMO and transitioned to CMV on day 8 of 
life and subsequently extubated to 6 cm H 2 0 nasal CPAP, 
which was discontinued after 3 days. The patient continued 
to gain weight, and neurodevelopment indicators were within 
normal limits. 

Discussion 

This is a fairly typical use of ECMO in a neonate born with 
PPHN who failed conventional measures including HFOV 
and iNO. The patient was supported with ECMO while lung 
recovery occurred and was successfully weaned from ECMO 
without any associated sequelae. 

Why Was ECMO Used in This Patient, and What Were 
the Clinical Goals? 

The Ol suggested that the severity of illness was high and 
could have potentially resulted in death. ECMO was appro- 
priately applied and allowed lung-protective ventilation 
strategies to be used, the preservation of good organ perfu¬ 
sion, and the time for the reversal of the pulmonary hyper¬ 
tension and improvement in cardiopulmonary function. 


| KEY POINTS 

• The ECMO system is a modified form of cardiopulmo¬ 
nary bypass designed for long-term use. It consists ofa 
contiguous loop of tubing with a drainage and reinfu- 
sion limb. Biood is mechanically pumped through an 
artificial lung that augments gas exchange. 

• ECMO is used to support newborns, infants, and chil¬ 
dren without respiratory or cardiac failure who do not 
respond to conventional treatment options. 

• There are two modes of ECMO support, venous-venous 
and venous-arterial. Venous-venous is primarily used to 
support lung function, whereas venous-arterial supports 
both heart and lung function. 

• Monitoring ECMO entails the usual critical care pa¬ 
rameters such as hemodynamics, laboratory and radio- 
logical studies, and patient comfort; the mechanical 
aspects of the ECMO system; and anticoagulation. 

• ECMO is associated with mechanical ortechnical com- 
plications as well as patient-related complications such 
as bleeding. 


| ASSESSMENT QUESTIONS 

1. Which of the following patients meets criteria for ECMO? 

A. Male born at 25 weeks of gestation with RDS and 
receiving CPAP 

B. Full-term male with an Ol of 1 5 and requiring HFOV 

C. Female born at 27 weeks with BPD and requiring CMV 

D. Full-term female with an Ol of 34 requiring iNO 

2. Which of the following correctly describes the path 
that a red biood cell travels through an ECMO circuit? 

A. Membrane oxygenator, pump, venous cannula 

B. Arterial cannula, pump, membrane oxygenator 

C. Pump, membrane oxygenator, venous cannula 

D. Venous cannula, pump, membrane oxygenator 

3. Which of the following is an advantage of using a 
W double-lumen cannula in an infant with PPHN? 

A. Carotid artery ligation is not needed. 

B. Card iac function is supported. 

C. Higher ECMO flow rates can be used. 

D. Anticoagulation is easier to achieve. 

4. Which of the following best describes the difference 
between a roller pump and a centrifugal pump? 

A. Centrifugal pumps are gravity dependent. 

B. Roller pumps are nonocclusive. 

C. Centrifugal pumps require additional biood. 

D. Roller pumps operate by compression and 
displacement. 

5. Which of the following best describes the difference 
between silicone membranes and microporous 
membranes? 

A. Microporous membranes provide better gas 
exchange. 

B. Silicone membranes have an integral heat 
exchanger. 

C. Microporous membranes have lower resistance. 

D. S ilicone membranes are easier to prime and deair. 
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6. Which of the following best describes the essential 
components of an ECMO system? 

A. Roller pump, high-frequency ventilator, membrane 
oxygenator 

B. Microporous membrane, centrifugal pump, circuit, 
cannulas 

C. Silicone membrane, circuit, ACT point-of-care 
device 

D. Svc >2 monitor, centrifugal pump, heparin infusion 

7. Which of the following is used to monitor anticoagu- 
lation? 

A. Activated clottingtime 

B. Hematocrit and hemoglobin levels 

C. Platelet count 

D. Arterial biood gases 

8. Which of the following best describes the modes of 
ECMO support? 

A. W provides only cardiac support. 

B. VA supports both lung and heart function. 

C. VA is only for patients with cardiac failure. 

D. W provides better oxygenation. 

9 . Which of the following is the main objective for using 
ECMO in a patient with viral pneumonia? 

A. To provide lung protective ventilation 

B. To use high mean airway pressures 

C. To provide lung recruitment maneuvers 

D. To improve the Pacc >2 

10. Which of the following is the main goal of ECMO? 

A. To support cardiac function 

B. To support lung function 

C. To provide adequate tissue oxygen delivery 

D. To remove carbon dioxide 
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LEARNING OBJECTIVES 


After reading this chapter the reader will be able to: 

1. Identify pharmacokinetic parameters that differ 
between pediatric and adult patients 

2. Discuss the place in therapy of p 2 -adrenergic agonists 
in the treatment of asthma, chronic obstructive 
pulmonary disease (COPD), and exercise-induced 
bronchospasms 

3. Identify potential adverse events observed with the use 
of inhaled short-acting (3-adrenergic agonists 

4. Explain the place in therapy of inhaled long-acting 
(3 2 -adrenergic agonists 


5. Explain administration issues after inhalation of 
corticosteroids 

6. Discuss the place in therapy of the leukotriene modifiers 

7. Discuss the mechanism of action of the mucolytic agents 

8. Discuss the place in therapy of antiviral and immuno- 
modulatory agents commonly used in the treatment of 
pediatric viral infections 

9. Discuss the place in therapy of aerosolized antimicrobials 
used in the treatment of infectious respiratory diseases 
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KEY TERMS 


Agonist 

Arachidonic acid 
Cation 

Churg-Strauss syndrome 
Dysphonia 


Hirsutism 

Hypertonic 

Hypothalamic-pituitary-adrenal axis 
Minimum inhibitory concentration 
Mucolytic 


Parenteral 

Pharmacokinetic 

Racemic 

Syrn patho mimetic 
Tolerance 


The purpose of this chapter is to introduce concepts of 
developmental pharmacology and to review pharmaco- 
logical agents commonly used in pediatric airway diseases. 
The mechanism of action, side effect profiles, dosage 
ranges, place in therapy, and specific administration tech- 
niques will also be reviewed where appropriate. 

Before the Pediatric Research Equity Act (PREA) and 
exclusivity provision of the Best Pharmaceuticals for Chil- 
dren Act (BPCA), approximately 20% of drugs approved by 
the Food and Drug Administration (FDA) were labeled for 
pediatric use. 1 Since passed into law in 2003, the PREA 
grants the FDA authority to require pediatric studies of a 
new drug if the FDA determines the product is likely to be 
used in a substantial number of pediatric patients. They 
can also require pediatric studies if the product can poten¬ 
tially provide a meaningful benefit in the pediatric popula¬ 
tion over existing treatments. On the other hånd, the 
BPCA is a voluntary pediatric exclusivity provision of the 
FDA Modernization Act of 1997 that has done more to 
spur pediatric studies than any other regulatory initiative. 
This provision allows pharmaceutical companies to qual- 
ify for an additional 6 months of marketing exclusivity or 
patent protection if they perform studies in children as 
requested by the FDA. As a result, there have been signifi- 
cant advances in pediatric research that have provided new 
information about pediatric clinical pharmacology, drug 
safety, and effectiveness. 

DEVELOPMENTAL 

PHARMACOLOGY 

Advances in pediatric clinical pharmacology stem from 
the influence of physiological and pharmacokinetic dif¬ 
ferences between children and adults. Pediatric dosage 
regimens cannot be simply extrapolated from adult data 
and corrected for body weight because of significant age- 
related differences in pharmacokinetic principles specific 
to children. Human growth is not a linear process because 
age-associated changes in body composition and organ 
function are dynamic and can be discordant during the 
first decade of life. 2 

Drug absorption, distribution, and metabolism vary 
greatly in neonatal and pediatric patients. Developmental 
changes in absorptive surfaces such as the gastrointestinal 
(GI) tract, skin, and pulmonary tree can affect the absorp¬ 
tion rate and bioavailability of a drug. Changes in intralu- 
minal pH in different segments of the GI tract can influence 


the relative amount of the drug available for absorption. 
Gastric pH is increased in neonates, infants, and young 
children and will reach adult pH values by 2 years of age. 
Gastric motility is the primary determinant for the rate of 
drug to be dispersed along the small intestine, which is 
decreased in neonates and reaches adult levels in infants 
and children. 1 3 After a drug is absorbed, it is distributed to 
a variety of body compartments depending on its physio- 
chemical properties. In neonates and infants, an increase 
in total body water-to-fat ratio contributes to a higher 
volume of distribution for hydrophilic drugs (i.e., propofol), 
thus requiring larger weight-based doses to achieve thera- 
peutic concentrations. 2,4,5 Furthermore, delayed matura- 
tion of drug-metabolizing enzyme activity may account 
for the marked toxicity of drugs in the very young. The 
metabolic enzyme that is involved in the metabolism of 
more than 50% of medications is called cytochrome (CYP) 
3A4. Although it accounts for approximately 30% of total 
hepatic CYP, its activity is very low at birth and will 
increase to nearly 20% of adult values at 1 month of age 
and approximately 75% of adult values at 1 year of age. 4 ' 6 
Disease States such as cystic fibrosis have also been shown 
to alter drug absorption and have unique pharmacoki¬ 
netic characteristics that would warrant different dosing 
regimens. 

p-ADRENERGIC AGONISTS 
Mechanism of Action 

Norepinephrine is a potent a and (Bj agonist that has rela- 
tively little action on (3 2 receptors. However, structural 
changes and additions to the parent structure of norepi¬ 
nephrine result in compounds with a higher affinity for 
either ct or (3 receptors and a prolonged duration of action. 
Therefore, norepinephrine is the parent compound of all 
the (3 2 -agonists because additions and substitutions of 
molecular entities on the terminal amine group will alter 
the (3-receptor activity. 

Activation of (3-adrenergic receptor sites on airway 
smooth muscle results in activation of adenylcyclase, 
which increases the production of cyclic adenosine mono- 
phosphate (cAMP) resulting in bronchial smooth muscle 
relaxation and skeletal muscle stimulation. (3 agonists can 
also inhibit the release of inflammatory mediators 
through stabilization of the mast cell membrane which 
will slow the progression of the inflammatory Cascade. 
(Figure 20-1). 
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(MDI) with a spacer device is at least equivalent to nebu- 
lized |3 2 -agonist therapy in children and adults. 9 ' 11 Long- 
acting (3 2 -agonists (i.e., salmeterol, formoterol) are used 
concomitantly with glucocorticoids for children who fail 
to achieve adequate asthma control with a medium-dose 
inhaled glucocorticoid. 8 The addition of systemic therapy 
to inhaled (3 2 -agonist therapy has been used with some 
success; however, there is no evidence to support the iso- 
lated use of a parenteral (3 2 -agonist to treat severe asthma 
exacerbations. 12,13 

In 2010 the FDA announced that in accordance with 
long-standing U.S. obligations under the Montreal Proto- 
col on Substances that Deplete the Ozone Layer, MDIs 
that contain chlorofluorocarbons (CFCs) as a propellant 
could no longer be manufactured or sold as of 2013. 14 
Because of this mandate, manufacturers of short-acting 
(3 2 -agonists have since switched to hydrofluoroalkane 
(HFA)-propelled MDIs. Lung deposition of drug particles 
with HFA-propelled inhalers may be greater than or at 
least equivalent to CFC-propelled inhalers. 15,16 


Bronchial smooth muscle cell 




FIGURE 20-1 A, Sympathetic mechanisms controlling bron¬ 
chial muscle tone. The enzyme adenylcyclase is the catalyst for the 
conversion of adenosine triphosphate (ATP) to cyclic adenosine 
monophosphate (cAMP). The enzyme phosphodiesterase breaks 
down cAMP into adenosine monophosphate (AMP). Increased 
levels of cAMP result in relaxation of bronchial smooth muscle. 
Decreased levels of cAMP lead to spasm of susceptible bronchial 
smooth muscle. B, Bro nchial muscle receptors are called (3 2 
receptor sites. Stimulation of these sites results in stimulation of 
the enzyme adenylcyclase, which produces an increased level of 
cAMP, resulting in bronchodilation. C, Administration of the 
methylxanthine theophylline inhibits the enzyme phosphodiester¬ 
ase, which inhibits the breakdown of cAMP and results in 
increased levels of cAMP and bronchodilation. 

Place in Therapy 

(3 2 -adrenergic agonists are the cornerstone treatment of 
bronchoconstriction in asthma, chronic obstructive pul- 
monary disease (COPD), and exercise-induced broncho- 
spasms. Fast- and short-acting agents are best used for 
rescue of symptoms, whereas long-acting agents are best 
used for maintenance therapy. Expert guidelines recom- 
mend standard treatment of acute episodes of broncho- 
spasms, and exacerbations of asthma should include 
short-acting (3 2 -agonists (i.e., albuterol, levalbuterol). 8 Ad¬ 
ministration using a handheld metered-dose inhaler 


Adverse Events 

At recommended doses, aerosol administrations are selec- 
tive (3 2 receptors with minimal systemic adverse events. 
Adverse events occur through excessive activation of 
(3-adrenergic receptors when high doses of aerosolized 
selecdve |3 2 -adrenergic agonists are used or with the use of 
nonselective (3-adrenergic agonists. 

The most common adverse effect observed with the use 
of selective agents are tremors caused by stimulation of the 
P 2 receptors in skeletal muscle, which is less likely with 
inhalational therapy than parenteral or oral therapy. 17,18 
Tachycardia and vasodilation are observed when |3 recep¬ 
tors are stimulated on the heart and peripheral vascula- 
ture. Upon initiation and with high-dose treatment, a 
reduction of serum potassium concentrations can be 
seen. 19 Hypokalemia is caused by a transient activation of 
the Na + /K + pump and the transport of K + intracellularly, 
which may predispose the heart to toxic effects such as 
arrhythmias. 19,20 Headache, nervousness, dizziness, palpi- 
tations, cough, nausea, vomiting, and throat irritation 
may also occur. 

Regular |3 2 -agonist use in patients with asthma may po¬ 
tentially result in tolerance to the drug’s bronchodilating 
effects, which can be associated with poorer disease Con¬ 
trol. 11,22 Chronic administration of selective (3 2 -adrenergic 
agonists will create tolerance by reducing the density of 
(3 2 receptors and the binding affmity to the receptors. 22 
Tolerance primarily reduces duration of bronchodilation 
as opposed to peak response. 

Overuse of inhaled (3 2 -agonists has been associated with 
increased risk of mortality from asthma specifically in 
those patients using two or more canisters of rescue 
inhaler each month 8 The cardiotoxic potential of (3 2 -agonists 
may increase the risk of mortality, as may overreliance on 
medication and the patient’s comfort level with |3 2 -agonist 
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use. Control of symptoms may cause the patient to post- 
pone obtaining adequate medical care in the presence of 
worsening asthma. With the use of a powerful bronchodi- 
lator, the perceived need for corticosteroid therapy may 
not be realized. 23 Concerns about overuse have led to the 
recommendation that |3 agonists be used only on an “as 
needed” basis in the treatment of acute episodes. 8,24,25 
In addition, the association of development of serious 
adverse events is greater in children who regularly use 
long-acting |3-agonists. 26 ' 28 

Selective Agents 

Selective agents have a higher specific affinity for |3 2 recep¬ 
tors, with minimal effect on (3! receptors, so less stimulation 


of the heart rate is observed. Several |3-adrenergic agonists 
are available for the management of airway obstruction; 
they differ in |3 2 selectivity, potency, elimination half-life, 
and availability of dosage formulations. 

Dosage and Administration 

Table 20-1 lists the bronchodilators available in inhalation 
form that are commonly used in pediatric patients. Gener¬ 
ally, weight-based dosing of inhaled medications may not 
be appropriate for young children because of the low depo¬ 
sition of medication in the lungs. Standard doses, such as 
2.5 mg of nebulized albuterol for children who weigh less 
than 30 kg and 5 mg for children who weigh more than 
30 kg, may be used. 


TABLE 20-1 


Inhaled Bronchodilators 8 

Available Formulations Pediatric Dose Adverse Events Administration Comments 


Short-Acting |i 2 -Agonists 

Albuterol HFA 90 |jg/puff 
(ProAir, Proventil, Ventolin) 


Albuterol nebulizer solution 
(AccuNeb) 0.63 mg/3 ml, 
1.25 mg/3 ml, 2.5 mg/3 ml, 
5 mg/ml 


Levalbuterol HFA 45 pg/puff 
(Xopenex HFA) 


Levalbuterol nebulizer solution 
(Xopenex) 0.31 mg/3 ml, 
0.63 mg/ 3 ml, 1.25 mg/ 

3 ml, 1.25 mg/0.5 ml 


Long-Acting |i 2 -Agonists 

Salmeterol (Serevent) Pwd for 
inh: 50 pg/puff 


Asthma exacerbations: 4-8 puffs 
q 20 min for 3 doses, then 
q 1 -4 h; or 1 -2 puffs q 4-6 h 
(max, 12 puffs/d) 

As needed for symptoms: 2 puffs 
q 4-6 h 

Asthma exacerbations: 

0.1 5 mg/kg (min, 2.5 mg) every 
20 min for 3 doses, then 
0.15-0.3 mg/kg (max, 10 mg) 
q 1 -4 h PRN 

As needed for symptoms: 

<5 years: 0.63-2.5 mg in 3 ml 
of NS q 4-6 h 

>5 years: 1.25-55 mg in 3 ml of 
NS q 4-6 h 

Asthma exacerbations: 4-8 puffs 
q 20 min for 3 doses, then 
q 1-4 h; or 1-2 puffs q 4-6 h 
(max, 12 puffs/day) 

PRN for symptoms: 2 puffs 
q 4-6 h 

Asthma exacerbations: 

0.075 mg/kg (min dose 1.25 mg) 
q 20 min for 3 doses, then 
0.075-0.15 mg/kg (max, 5 mg) 
q 1-4 h 

PRN for symptoms: 

<5 years: 0.31-1.25 mg in 3 ml 
q 4-6 h 

5-11 years: 0.31-0.63 mg q 8 h 

>12 years: 0.63-1.25 mg q 8 h 

Maintenance: 1 puffq 12 h 
Prevention of EIB: 1 puff 
30 min before exercise. 

Next dose in 12 h 


Tachycardia, tremor, 
nervousness, hypokalemia, 
headache, palpitations, 
dizziness, nausea, 
vomiting 


Prolonged QT interval, 
tachycardia, palpitations, 
dizziness, nausea, vomiting 


Drug of choice for acute 
bronchospasms. 

MDI requires periodic 
cleaning. 

Use large volume nebulizers 
for continuous 
administration. 

May mix with cromolyn 
solution, budesonide 
inhalant suspension, 
or ipratropium nebulizer 
solution. 


Do not blow into inhaler 
after dose is activated. 


Contmued 
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TABLE 20-1 


Inhaled Bronchodilators—cont’d 

Available Formulations Pediatric Dose Adverse Events Administration Comments 


Do not blow into inhaler 
after dose is activated. 


Formoterol (Foradil) 

Dry powder inhaler (capsules): 
12 pg 

Formoterol Nebulizer solution 
(Perforomist) 20 pg/2 ml 
Racemic epinephrine 
(Asthmaneffrin) 

Nebulizer solution: 

2.25% (0.5 ml) 


Anticholinergics 
Ipratropium bromide 
(Atrovent) 

Nebulizer solution: 0.2% 
(2.5 ml) Intranasal: 
0.03% and 0.06% 
Ipratropium bromide 
(Atrovent HFA) HFA: 

1 7 pg/puff 


Systemic 3 2 "Agonists 
Terbutaline (Brethine, 
Brethaire) 

Aqueous 1 mg/ml 


Epinephrine 1:1000 
(1 mg/ml) 


Maintenance: 1 capsule 
q 12 h (max, 2 doses daily) 
Prevention of EIB: 1 capsule 
30 min before exercise. 

Next dose in 1 2 h 
Maintenance: 20 p,g twice 
daily (max daily dose: 40 p,g) 
0.5 ml diluted with 3-5 ml of NS; 
administer over ~1 5 minutes 
q 3-4 h PRN 


Asthma exacerbations: 

0.25-0.5 mg q 20 min for 
3 doses, then as needed 

Maintenance: 0.25 mg q 6 h 

Asthma exacerbations: 

4-8 puffs PRN 

Maintenance: 

1 -2 puffs q 6 h (max, 

1 2 puffs/day) 

Nebulization: 0.01-0.03 ml/kg 
(min, 0.1 ml; max, 2.5 ml) 
every 4-6 h 

Subcutaneous: 0.01 mg/kg 
(max, 0.25 mg) q 20 min for 
3 doses then q 2-6 h PRN 

Subcutaneous: 0.01 mg/kg up 
to 0.3-0.5 mg q 20 min for 
3 doses 


Tachycardia, tremor, 
nervousness, nausea, 
vomiting, headache, 
hypertension, dizziness, 
viral chest infection, 
fatigue tonsillitis 

Tachycardia, tremor, 
dizziness, nausea, 
vomiting, headache, 
nervousness, palpitations 


Dry mouth, headache, 
dizziness, cough, 
blurred vision, drying 
of secretions 


Tachycardia, tremor, 
dizziness, nausea, 
vomiting, headache, 
nervousness, palpitations 


Each capsule is for single 
use only and should not 
be taken orally. 

Dilution is not required 
before administration. 

Not recommended for 
routine management 
and treatment of asthma. 

Protect from light. 

Solution should be 
discarded if it contains 
a precipitate or is 
discolored. 

Protect from light. 

May mix in same nebulizer 
with albuterol. 

Multiple doses in the 
emergency department 
provide additive benefit 
when administered with 
albuterol. 


No proven advantage of 
systemic therapy over 
aerosol. 


Protect from light. 

Solution should be 
discarded if it contains a 
precipitate or is discolored. 


HFA, Hydrofluoroalkane; MDI, metered-dose inhaler; PRN, as needed; pwd, powder; soln, solution. 


For asthma exacerbations, inhaled (32-agonists, most 
commonly albuterol, can be administered continuously or 
intermittently, via a nebulizer or an MDI with a spacer. 
Children with moderate exacerbations usually require 
inhaled short-acting agents every 1 to 3 hours; however, 
patients who require treatments more frequently should 
be considered for continuous albuterol nebulization. 
Patients with a lack of response or worsening of respira- 
tory parameters will require more frequent treatments. 
Those who display improvement should have the interval 
between the treatments increased. In addition to the regu- 
larly scheduled (3 2 -agonist treatment, “as needed” treat¬ 
ments should be available for episodes of acute 
bronchospasm or worsening respiratory distress. 8 Long- 
acting agents can provide bronchodilation for up to 
12 hours when administered as an aerosol. 


Albuterol 

Although the name suggested by the World Health Orga- 
nization (WHO, Geneva, Switzerland) is salbutamol al¬ 
buterol is the official generic name in the United States. 
Albuterol is indicated for the treatment and prevention of 
bronchospasms and is available in a variety of dosage 
forms. The most common reported adverse reactions to 
aerosolized albuterol are upper respiratory infections, 
rhinitis, pharyngitis, nausea, throat irritation, cough, and 
anxiety. 29,30 

Levalbuterol (Xopenex) 

Albuterol is composed of both (R)- and (S)-isomers of al¬ 
buterol. Levalbuterol is the active isomer of albuterol 
(R-albuterol) and is indicated for the treatment or prevention 
of bronchospasms in adults and children. 31,32 In studies of 







CHAPTER 20 • Pharmacology 


377 


asthma treatment in the pediatric patient, levalbuterol has 
been compared with both racemic albuterol and placebo. ’ ’ 
In doses of 0.31 and 0.63 mg, levalbuterol produced 
an equipotent degree of bronchodilation, as measured by 
percent change from predose forced expiratory volume at 
1 second (FEVi), as comparable doses of 1.25 and 2.5 mg 
of racemic albuterol. This same study found that 0.63 mg 
of levalbuterol was equipotent to 1.25 mg of racemic 
albuterol, and 1.25 mg of levalbuterol was equipotent to 
2.5 mg of racemic albuterol. Therefore, there is no demon- 
strable difference in terms of safety or effectiveness 
between levalbuterol and albuterol. 34,35 

Levalbuterol is supplied as an MDI or in concentrated 
solution for nebulization that does not require dilution 
before administration. Each actuation of the MDI delivers 
59 |xg levalbuterol tartrate (equivalent to 45 pg of leval¬ 
buterol free base) from the actuator mouthpiece. The rec- 
ommended MDI dose for treatment of acute broncho- 
spasms or prevention of asthmatic symptoms is 2 inhalations 
(90 pg) repeated every 4 to 6 hours; however, in some 
patients 1 inhalation every 4 hours may be sufficient. 32 The 
suggested nebulization dosage for children on an “as 
needed” basis is dependent on their age. The solution 
should be stored in a protective foil pouch and discarded if 
the solution is not colorless. 31 

Adverse events in patients receiving levalbuterol are 
similar to those observed with racemic albuterol. Despite 
administration of larger equipotent albuterol doses, there 
is no clinically significant difference between levalbuterol 
and racemic albuterol in the effect on heart rate. 36 
However, the incidence of tremor and nervousness has 
been reported to be slightly less when using 0.63 mg of 
levalbuterol. 3 

Terbutaline (Brethine, Brethaire) 

Terbutaline is the only selective (3 2 -agonist available in 
parenteral form for the emergency treatment of status 
asthmaticus in critically ill children. 38 Its structural for- 
mula differs from that of albuterol in that it has a dihy- 
droxybenzene group instead of a benzene ring, with 
etahydroxymethyl and parahydroxyl groups. It is avail¬ 
able as an oral tablet and a sterile aqueous solution for 
parenteral (subcutaneous and intravenous) administra¬ 
tion. Effects are observed rapidly after inhalation or 
parenteral administration and can persist for up to 3 to 
4 hours after inhalation. 

In most institutions, terbutaline is reserved for the 
management of acute episodes of severe asthma or in criti¬ 
cally ill children. Although the manufacturer does not 
recommend use of inhaled terbutaline, in patients younger 
than 12 years of age doses of 0.2 mg/kg of terbutaline solu¬ 
tion given by compressed air-powered nebulizer have re¬ 
sul ted in a mean 55% improvement in FEV! at 1 hour. ’ 
Continuously nebulized terbutaline has also been reported 
to be safely administered to children in a pulmonary inten¬ 
sive care setting. 40 Terbutaline administered intravenously 


as a continuous infusion or repeated subcutaneous injec- 
tions have been reported effective in the treatment of re- 
fractory status asthmaticus in pediatric patients refractory 
to more conventional treatments. 41,42 The aqueous solu¬ 
tion is supplied in a 2-ml clear glass ampule containing 
1 mg of terbutaline sulfate per 1 ml of solution. The 
ampules must be protected from light and stored at room 
temperature. Parenteral terbutaline loses much of its @ 2 
selectivity; therefore, cardiovascular effects are often 
observed. Tachycardia is a common dose-limiting adverse 
effect and is mostly observed when using doses in the 
upper range of normal. 39 

Inhaled Long-Acting fø-Agonists 

Long-acting |3 2 -agonists (LABA) have a duration of action 
of at least 12 hours and have an onset of action that occurs 
approximately 30 minutes after intake. 43 Salmeterol and 
formoterol are the agents of choice for nocturnal asthma 
in patients who remain symptomatic despite standard 
management. Furthermore, studies in adolescents indicate 
that LABA have the potential of improving overall asthma 
control when added to corticosteroids in patients who are 
inadequately controlled with inhaled corticosteroids 
alone. 43 ' 50 LABA should not be used for acute symptom 
relief. It is imperative that, when beginning treatment with 
LABA, patients should be counseled to discontinue any 
regular use of a short-acting (3 2 -agonist and to use the 
shorter acting agent for symptomatic, quick relief during 
acute episodes only. 

Adverse reactions to LABAs include tremor, tachy¬ 
cardia, arrhythmias, palpitation, nervousness, agitation, 
headache, muscle cramps, dizziness, fatigue, insomnia, 
dry mouth, nausea, hypokalemia, hyperglycemia, and 
metabolic acidosis. ;,i Although uncommon after admin¬ 
istration at recommended doses, LABA can produce a 
clinically significant cardiovascular effect in some pa¬ 
tients. Changes in the electrocardiogram include flatten- 
ing of the T wave, prolongation of the QT interval, and 
ST-segment depression. Adverse events occur more often 
in children (ages 5 to 12 years) in need of daily bronchodi- 
lator and anti-inflammatory treatment that include viral 
infection, rhinitis, tonsillitis, gastroenteritis, abdominal 
pain, nausea, and dyspepsia. 

Salmeterol (Serevent) 

Salmeterol is indicated for long-term maintenance treat¬ 
ment of asthma and prevention of bronchospasm, includ- 
ing exercise-induced bronchospasm (EIB), in patients 
4 years of age and older. It is generally used as an adjunct to 
inhaled corticosteroid therapy for long-term control of 
asthma symptoms, nocturnal asthma symptoms, and EIB. 8 
Pediatric patients should use a combined product that con- 
tains both an inhaled corticosteroid and a LABA to treat 
the multiple mechanisms that produce airway disease. 

Salmeterol is available as a single agent in the form of a 
dry powder inhaler (DPI) or in fixed-dose combinations 


378 


SECTION III • Therapeutic Procedures for Treatment of Neonatal and Pediatric Disorders 


with fluticasone as a DPI and MDI. 1 Studies suggest that 
for patients with inadequate symptom control who are 
receiving low to medium doses of inhaled corticosteroids, 
it may be more beneficial to add salmeterol than to in- 
crease the dose of inhaled corticosteroid. 32,53 

Formoterol (Foradil) 

Formoterol is indicated for long-term, twice-daily (morn- 
ing and evening) administration in the maintenance treat¬ 
ment of asthma and prevention of bronchospasm in adults 
and children 5 years of age and older. 34,55 Formoterol is 
also indicated for the acute prevention of EIB in adults 
and adolescents 12 years of age and older. Formoterol is 
available as a single agent in a hard gelatin capsule con- 
taining a dry powder blend of 12 pg of formoterol and 
25 mg of lactose that is intended for oral inhalation only. 56 
Formoterol is also available in a solution for nebulization 
and in an MDI in combination with budesonide approved 
for use in those 12 years of age and older. 3 ' 

Formoterol is a highly selective (3 2 -agonist, whereas 
salmeterol is a partial agonist. In single-dose studies, 
when compared with salmeterol, formoterol had a shorter 
onset of action but similar duration of action. 54, 55 In the 
treatment of asthma, differences between formoterol and 
salmeterol are not likely to produce clinically significant 
differences if used in combination with inhaled cortico¬ 
steroids. However, in a randomized, placebo-controlled 
trial of patients with COPD receiving twice-daily for¬ 
moterol, an increase of FEVi was significantly inferior to 
patients receiving once daily indacaterol. 58 Currently indi¬ 
cated for adults with COPD, indacaterol is a promising 
once-daily LABA currently being studied in pediatric 
patients with moderate to severe asthma. 3! 

Nonselective Agents 
Epinephrine 

Epinephrine (adrenaline) is a potent sympathomimetic 
that acts on both a- and |3-adrenergic receptors. Effects of 
epinephrine reproduce adrenal medullary stimulation and 
can be described by the term flight or flight. Its effects on 
target organs, including the heart, and the vascular system 
and respiratory tract are diverse and extremely complex. 
Stimulation of the a receptors results in vasoconstriction 
and a reduction of mucosal and submucosal congestion 
and edema. The |3-adrenergic effects result from stimula¬ 
tion of adenylcyclase and increased cAMP production, 
which results in reduction of airway smooth muscle 
spasms (see Figure 20-1). 

Parenteral epinephrine plays a vital role in cardiopulmo- 
nary resuscitation and reversal of hypersensitivity reac¬ 
tions. 60 " 64 Epinephrine is ineffective after oral administration 
because it is quickly metabolized, and absorption is rapid 
after parenteral and inhaled administration. Acting at (3 2 
receptors on bronchial smooth muscle, effects after nebu- 
lized administrations are restricted to the respiratory tract, 
thus making it useful in the treatment of postintubation 


and infectious croup. 65 " 67 In children with an acute asthma 
exacerbation, a meta-analysis of randomized trials failed to 
show a benefit of nebulized epinephrine over albuterol or 
terbutaline in an emergency setting. 68 

Epinephrine for injection is available in 1 mg/ml (1:1000), 
0.1 mg/ml (1:10,000), and 0.5 mg/ml (1:2000). However, the 
solution for inhalation of racemic epinephrine is 2.5 mg/ml 
(2.25%). Every precaution must be taken not to confuse the 
solution designed for parenteral administration because 
inadvertent injection can be fatal. A plastic or glass dropper 
should be used to prepare the dose because the solution 
reacts on contact with metals. Epinephrine should be pro- 
tected from light because oxidation will turn the drug pink, 
then brown in color. Common adverse effects include tachy- 
cardia, palpitations, nervousness, tremor, insomnia, head- 
ache, loss of appetite, and nausea. 69 

Isoproterenol (Isupre!) 

Isoproterenol is a highly potent nonselective |3 agonist 
that causes relaxation of bronchial smooth muscle, cardiac 
stimulation, and peripheral vasodilation in skeletal muscle 
and mesenteric vascular beds. Common adverse events in¬ 
clude palpitations, tachycardia, headache, nervousness, 
dizziness, nausea, vomiting, tremor, and cutaneous flush- 
ing. 61 Use of isoproterenol has dramatically decreased with 
the introduction of more selective agents, and it is no lon¬ 
ger recommended for the treatment of asthma because of 
the potential for adverse cardiac events. 8 

ANTICHOLINERGICS 

Mechanism of Action 

The parasympathetic nervous system plays a major role in 
regulating airway homeostasis and bronchomotor tone. Var- 
ious noxious stimuli have been demonstrated to increase 
parasympathetic activity, resulting in bronchoconstriction. 
Anticholinergics inhibit parasympathetic nerve impulses by 
selectively blocking the binding of the neurotransmitter ace- 
tylcholine to its receptor site in nerve cells. The nerve fibers 
of the parasympathetic system are responsible for the invol- 
untary movements of smooth muscles present in the gastro- 
intestinal tract, urinary tract, and lungs 0 (Figure 20-2). 

Place in Therapy 

Anticholinergics are used to treat a variety of respiratory 
disorders in children, including asthma and chronic bron- 
chitis. 8 Oral and parenteral administration of anticholiner¬ 
gics can be used to inhibit salivation and excessive secretions 
of the respiratory tract and treat chronic drooling associ- 
ated with neurological conditions. Inhaled anticholiner¬ 
gics are effective bronchodilators, but not as effective as 
P 2 -agonists, and only attenuate allergen-induced asthma 
and EIB. Inhaled ipratropium is indicated only as adjunctive 
therapy in severe acute asthma not completely responsive to 
P 2 -agonists alone, whereas tiotropium is indicated for bron- 
chospasms associated with COPD in adults. 
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Phosphodiesterase 



B 

FIGURE 20-2 A, Parasympathetic mechanisms controlling 
bronchial smooth muscle tone. Stimulation of the parasympa¬ 
thetic system causes the release of acetylcholine at the cholinergic 
receptor site. Acetylcholine stimulates the enzyme guanylcyclase 
to convert guanosine triphosphate (GTP) to cyclic guanosine 
monophosphate (cGMP). Phosphodiesterase then breaks down 
cGMP to guanosine monophosphate (GMP). High cGMP levels 
result in bronchoconstriction. B, Administration ofan anticholin- 
ergic (atropine) antagonizes the acetylcholinergic effect and pre¬ 
vents cGMP from forming. This relieves the bronchoconstriction. 


Ipratropium Bromide (Atrovent) 

Aerosolized ipratropium is not sufficiently effective to be 
used as a single agent in the treatment of acute broncho- 
spasms. When administered to children with severe asthma 
exacerbations, multiple doses of ipratropium and a (3 agonis t 
reduced the number of hospitalizations and improved over¬ 
all lung function. 1 Although the addition of inhaled 
ipratropium bromide to inhaled (3 agonist therapy has 
proven effective in the emergency department setting, studies 
during hospital admissions have not revealed added bene- 
fit. 7 -’ Therefore, ipratropium bromide is not recommended 
as standard therapy during hospitalizations for asthma exac¬ 
erbations. 

Dosage and Administration 

Ipratropium bromide is available in a variety of dosage 
forms including a nasal spray, an MDI, and a nebulizer so¬ 
lution. Concentrations of the nasal spray are 0.03% and 


0.06%. The dose for the nasal spray is 2 sprays in each nos- 
tril two or three times daily. The nasal spray is used only for 
symptomatic relief of rhinorrhea associated with allergic 
and nonallergic rhinitis; it does not relieve nasal conges- 
tion, sneezing, or postnasal drip/ 4 The nebulizer solution 
vials are packaged in a foil pouch and must be protected 
from light. The inhalation solution can be mixed in the 
nebulizer with albuterol if used within 1 hour. Recom¬ 
mended dosing and administration comments regarding 
inhaled anticholinergics are listed in Table 20-1. 

Ipratropium is also available premixed with albuterol in 
a solution for nebulization (DuoNeb) and as an MDI 
(Combivent). Each 3-ml vial of nebulizer solution contains 
0.5 mg ipratropium bromide and 2.5 mg albuterol. The 
recommended pediatric dose for asthma exacerbations is 
1.5 to 3 ml every 20 minutes for 3 doses, then as needed. It 
is important to note that the recommended dose is based 
on the ipratropium component. 8 The MDI contains soya 
lecithin and should not be used in patients allergic to soya 
lecithin or related food products such as soybeans and 
peanuts. 76 Each actuation of the MDI contains 18 (Jtg 
ipratropium bromide and 90 pg of albuterol. : 

Adverse Events 

Ipratropium bromide is an anticholinergic agent that is a qua- 
ternary ammonium derivative of atropine. Quaternary com- 
pounds are poorly absorbed across mucosal membranes and 
the blood-brain barrier; therefore, inhalation of ipratropium 
results in opening of the bronchi with minimal systemic 
effects.' 7 The most common adverse reactions are dry mouth, 
cough, headache, nausea, dizziness, blurred vision, and drying 
of secretions. Skin flushing, tachycardia, acute angle-closure 
glaucoma, and palpitations have also been reported. 

Glycopyrrolate (Robinul, Cuvposa) 
Dosage and Administration 

Glycopyrrolate belongs to a class of drugs known as the 
antimuscarinics that function by blocking muscarinic 
receptors and inhibiting cholinergic transmission. Glyco¬ 
pyrrolate is available in an oral and parenteral formulation 
used specifically to inhibit salivation and excessive secre¬ 
tions of the respiratory tract. The dose for control of secre¬ 
tions in children is 40 to 100 pg/kg three or four times 
daily. The intramuscular and intravenous dosage is 4 to 
10 pg/kg every 3 to 4 hours. Glycopyrrolate is also used to 
counter the muscarinic effects of neostigmine and pyr- 
idostigmine during reversal of neuromuscular blockade. 
Contraindications to glycopyrrolate are similar to other 
anticholinergics medications, including narrow-angle glau¬ 
coma, severe ulcerative colitis, tachycardia, paralytic ileus, 
and myasthenia gravis. 

Adverse Events 

The parenteral formulation of glycopyrrolate contains 
benzyl alcohol, which has been associated with “gasping 
syndrome” (the quick inhalation and exhalation of 
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breaths—much like gulping for air) in neonates after 
administration of large amounts of benzyl alcohol (more 
than 99 mg/kg/day). 78,79 Adverse reactions include thick- 
ening of bronchial secretions, tachycardia, behavioral 
changes, palpitations, drowsiness, headache, and ataxia. 
Extreme caution should be used in infants, patients with 
Down syndrome, and children with spastic paralysis or 
brain damage because of the potential hypersensitivity to 
the antimuscarinic effects. 

CORTICOSTEROIDS 

Mechanism of Action 

Although the term corticosteroids is used for most endoge- 
nous steroids, it is the general term that includes both 
glucocorticoids and mineralocorticoids. Glucocorticoids 
(i.e., cortisol) control carbohydrate, fat, and protein me- 
tabolism and also have anti-inflammatory properties. Min¬ 
eralocorticoids (i.e., aldosterone) control electrolyte and 
water levels, primarily by promoting sodium retention in 
the kidney. 

Pharmacology of the corticosteroids is extremely complex 
and can ultimately affect almost all body systems. Corticoste¬ 
roids are highly lipophilic and readily cross cell membranes to 
combine with glucocorticoid receptors found in the cyto- 
plasm of most cells throughout the body. Corticosteroids act 
by controlling the rate of protein synthesis, depress the mi¬ 
gration of polymorphonuclear leukocytes and fibroblasts, 
reverse capillary permeability, and stabilize lysomal mem¬ 
branes to prevent or control inflammation processes. Corti¬ 
costeroids also increase the number and responsiveness of 
(3 2 -adrenergic receptors to (3 2 -adrenergic stimulation, there- 
fore reducing hypersecretion, airway edema, and exudation. 
Cellular effects of corticosteroids are immediate but may 
require 4 to 12 hours before any clinical response is noted. 80 

Place in Therapy 

Corticosteroids are potent anti-inflammatory agents used 
in a variety of disease States including the management of 
asthma in pediatric and adult patients. Inhaled corticoste¬ 
roids have a high anti-inflammatory potency, approximately 
1000-fold greater than endogenous cortisol. 81 Inhalation 
therapy allows the topical administration of the potent anti- 
inflammatory directly at the site of action, which reduces 
the risk of adverse events observed with systemic corticoste- 
roid therapy. The Expert Panel Report 3 (EPR-3) on asthma 
States that inhaled corticosteroids are the most effective 
anti-inflammatory agents available for persistent asthma, 
and inhaled corticosteroids are the only therapy proven to 
reduce the risk of death from asthma. s Of note, inhaled 
corticosteroids are not as effective as systemic therapy for 
severe asthma exacerbations and should not be used as a 
substitute for systemic corticosteroid therapy. 

Systemic corticosteroids are a vital component in the 
treatment of exacerbations of asthma because of their abil- 
ity to decrease airway inflammation and secretions. In the 


emergency department, intravenous and oral corticoste¬ 
roids are first-line therapy. 8,82,83 There is no added benefit 
of using intravenous dosing in a pediatric patient if the 
patient is able to tolerate oral dosing; thus oral administra¬ 
tion is preferred. 84 

Dosage and Administration 

Corticosteroids are available in a variety of dosage forms 
and listed in Table 20-2 along with the potential adverse 
events. Inhalational dosages are often increased depending 
on the age of the patient and his or her response to ther¬ 
apy. Once asthma symptoms are under control, the start¬ 
ing dose is adjusted to the lowest effective dose to reduce 
the possibility of side effects. Maximal benefit may not be 
achieved for 1 to 2 weeks or longer after starting treat¬ 
ment. There are significant differences in efficacy and 
safety of the available inhalation formulations. These dif¬ 
ferences result from differences in the Chemical entity, 
potency, and pharmacokinetic profile. It is important to 
counsel the patient to rinse the mouth with water after 
each administration to decrease drug deposition in the 
mouth and local adverse events (e.g., thrush). 

For asthma exacerbations, dosages of systemic cortico¬ 
steroid therapy vary from 1 to 2 mg/kg/day with a maxi- 
mum daily dose of 60 mg/day of prednisone. 8 The most 
commonly used intravenous agent is methylprednisolone; 
oral forms of hydrocortisone, dexamethasone, prednisone, 
and prednisolone are also available. Pharmacological and 
adverse effects of corticosteroids are dependent on the 
dose and duration of therapy. There is minimal risk of 
long-term adverse events if systemic agents are used for 
short periods (4 to 5 days). Because of potential suppres¬ 
sion of the hypothalamic-pituitary-adrenal (HPA) axis, 
systemic doses should be tapered in patients who require a 
course longer than 10 days. 8,80 The lowest effective dose 
should be used in patients requiring chronic corticoste¬ 
roid therapy. 

Adverse Events 

As stated earlier, the likelihood of systemic side effects in- 
creases when corticosteroids are used at high doses and/or 
for a long duration. Chronic use of corticosteroids pro- 
duces a dose-dependent suppression of adrenal axis steroid 
production and may potentially impair growth in pediatric 
patients into adulthood. 

The effects of inhaled corticosteroids on linear growth 
have extensively been described in literature. 85 ' 88 Treat¬ 
ment with inhaled beclomethasone was associated with 
prepubertal growth impairment but suppression was lim- 
ited to 1.5 cm/year in children treated with beclometha¬ 
sone at 400 pg/day. Subsequent studies have shown that 
inhaled corticosteroid therapy combined with systemic 
corticosteroid therapy does not clinically affect final adult 
height. 88,89 Many studies to determine the effects on 
growth have significant design limitations. Delayed or im- 
paired growth may be a result of the disease itself; the 
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TABLE 20-2 


Corticosteroid Agents 

Agent Available Formulations Adverse Events Administration Comments 


Inhaled Corticosteroids 

Beclomethasone 
dipropionate (Qvar) 
Budesonide (Pulmicort) 


Fluticasone 

(Flovent Diskus, Flovent FIFA) 


Budesonide/Formoterol 

(Symbicort) 

Oral Systemic Corticosteroids 

Prednisone 


Prednisolone 


Methylprednisolone 


MDI: 40 pg/puff, 80 pg/puff 

Flexhaler DPI: 90 pg/puff, 

1 80 pg/puff 
Susp for nebulization: 

0.25 mg/2 ml, 0.5 mg/2 ml 
DPI: 50 pg/blister, 100 pg/ 
blister, 250 pg/blister 
HFA: 44 pg/puff, 110 pg/puff, 
220 pg/puff 


115 pg/21 pg, 230 pg/21 pg 
Diskus (DPI): 100 pg/50 pg, 
250 pg/50 pg, 500 pg/50 pg, 
HFA (MDI): 80 pg/4.5 pg, 

160 pg/4.5 pg 


Tablets: 1 mg, 2.5 mg, 5 mg, 
10 mg, 20 mg, 50 mg 
Solution: 5 mg/5 ml, 5 mg/ml 
Tablets: 5 mg 
Solution: 5 mg/5 ml, 

1 5 mg/5 ml 

Tablets: 2 mg, 4 mg, 8 mg, 

1 6 mg, 32 mg, 50 mg 
Solution: 5 mg/5 ml, 5 mg/ml 


Hoarseness, dry throat, 
dysphonia, cough, 
oropharyngeal 
candidiasis (thrush) 


See individual ingredients 


Short-term use: reversible 
glucose metabolism, fluid 
retention, weight gain, 
mood alteration, 
hypertension, peptic 
ulcer 

Long-term use: HPAaxis 
suppression, growth 
suppression, hyperten¬ 
sion, Cushing syndrome 


Patients should be instructed to 
rinse mouth with water after 
administration. 

Most children younger than 4 years 
cannot provide sufficient 
inspiratory flow for adequate 
lung deliver of DPI. 


Should not be used for acute 
symptom relief or asthma 
exacerbations. 

Most children younger than 
4 years cannot provide sufficient 
inspiratory flow for adequate 
lung delivery of the DPI. 

Children on low-dose therapy 
experience fewer behavioral side 
effects. 

Other systemic corticosteroids 
such as hydrocortisone and 
dexamethasone given in 
equipotent daily doses are likely 
to be as effective. 


*Recommended dosing is equivalent for all listed preparations. 

DPI, Dry powder inhaler; HFA , hydrofluoroalkane; HPA, hypothalamic-pituitary-adrenal; inh, inhaled; mdx, maximum; MDI , metered-dose inhaler; 
neb, nebulization; soln , solution. 


Combined Inhaled Corticosteroid and Long-Acting (T'Agonist 

Fluticasone/Salmeterol HFA (MDI): 45 pg/21 pg, 

(Advair HFA, Advair 
Diskus) 


question remains as to whether the treatment or the un- 
derlying disease is the true determinant of linear growth 
reduction. Further studies have proved that even with this 
initial reduction in linear growth, the long-term effects do 
not last. In long-term follow-up, patients with a history of 
inhaled corticosteroid use achieved a height that feil 
within the expectation based on hereditary models. 84 

A majority of side effects attributed to corticosteroids are 
primarily seen with systemic therapy and not inhalational 
therapy. After corticosteroid inhalation, local adverse events 
include oropharyngeal candidiasis, dysphonia, cough, 
wheezing, and dry throat. The dysphonia appears to be 
the result of a direct effect of the steroid on the musculature 
that Controls the vocal cords. Proper inhalation technique 
such as using a holding chamber device (i.e., spacer) or rins- 
ing the mouth after each inhalation may help decrease the 
risk of local adverse events. 

Major limitations to the long-term use of systemic corti¬ 
costeroids include HPA axis suppression, Cushing syndrome, 
osteoporosis, myopathies, glaucoma, cataracts, gastritis, 
hypertension, hirsutism, electrolyte imbalances, glucose in¬ 
tolerance, skin atrophy, and immunosuppression, increasing 


the risk of opportunistic infections. Varicella infection 
(chickenpox) or measles may lead to serious or even fatal 
complications in children taking chronic systemic cortico¬ 
steroids. If long-term systemic therapy is warranted, consid- 
erable care must be taken to avoid exposure to potential 
infectious diseases. 

LEUKOTRIENE MODIFIERS 

Mechanism of Action 

Release of histamine and leukotrienes is triggered by expo¬ 
sure of allergens from mast cells, which are located 
throughout the walls of the respiratory tract. The synthe- 
sis of leukotrienes is dependent on lipoxygenation of 
arachidonic acid, a fatty acid found in cell membranes, by 
5-lipoxygenase. 90,9! The leukotrienes work to constrict air- 
way smooth muscle and increase vascular permeability, 
leading to airway edema, mucus production, and activa- 
tion of inflammatory cells in the airways of patients with 
asthma. 92 Mast cell degranulation and leukotrienes are 
believed to be integral causes of exercise-induced broncho- 
spasms after either drying or cooling of the airways. 93 
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Current U.S. FDA-approved oral leukotriene-modifying 
agents are listed in Table 20-3. Classes of leukotriene modifi- 
ers are based on their site of action: leukotriene receptor 
antagonists (zafirlukast, montelukast) and leukotriene syn- 
thesis inhibitors (zileuton). Zafirlukast and montelukast act 
by selectively antagonizing leukotriene binding to its cellular 
receptor, cysteinyl leukotriene receptor (CysLTi), which pre¬ 
vents a Cascade that leads to constriction of bronchial smooth 
muscle. Zileuton acts as a potent and selective inhibitor 
of leukotriene formation by inhibiting 5-lipoxygenase, the 
enzyme responsible for converting arachidonic acid to the 
cysteinyl leukotrienes. 94 ' 96 

Place in Therapy 

Treatment with leukotriene modifiers is associated with 
improved asthma symptoms and pulmonary function, in- 
cluding improvement in FEV]. 20 Pediatric studies demon- 
strate the usefulness of leukotriene modifiers in mild 
asthma and attenuation of exercise-induced bronchocon- 
striction. Leukotriene receptor antagonists are not an alter¬ 
native to using |3-adrenergic agonists during an asthma 
exacerbation but are recommended to be continued during 
an asthma exacerbation. 8 

Zileuton is approved for use in children older than 12 years 
and is used less commonly than other leukotriene modifiers 
because of a need to regularly monitor liver enzymes and 
drug-drug interactions. It is the only leukotriene synthesis 
inhibitor currently approved for use. Zileuton is effective in 
the treatment of cold air-induced, aspirin-intolerant, exercise- 
induced, and nocturnal asthma. 9 Zileuton reduces asthma 
symptoms, and the supplemental use of (3 agonists improves 
FEV! values and may have an additive effect with inhaled 
steroids. 98 

Leukotriene receptor antagonists montelukast and zafir¬ 
lukast are useful as steroid-sparing agents for patients with 
difficult-to-control asthma. Although an inhaled corticoste- 
roid has been shown to provide better control in patients 
with persistent asthma, leukotriene receptor antagonists are 
viable alternatives secondary to their ease of use and better 


adherence." The most widely used leukotriene inhibitor, 
montelukast, is FDA approved for control of asthma in chil¬ 
dren 12 months of age or older and treatment of rhinitis in 
children 6 months of age or older. Zafirlukast is adminis- 
tered twice daily and approved for children older than 
5 years. Use of montelukast or zafirlukast can reduce asthma 
symptoms and bronchial hyperreactivity and potentially 
decrease use of (3 agonists and systemic corticosteroids in 
children with intermittent or persistent asthma. 100 ' 103 Recent 
pediatric studies of montelukast use in respiratory syncytial 
virus (RSV) bronchiolitis have shown promising results. 
Patients with RSV-positive bronchiolitis receiving daily mon¬ 
telukast demonstrated fewer daytime coughs and a delay in 
exacerbation when compared with placebo-treated Controls. 104 

Zileuton (Zyflo) 

Dosage and Administration 

Zileuton is available as a 600-mg tablet and an extended- 
release 600-mg tablet. The recommended dosage in adults 
and children 12 years and older is 600-mg four times per 
day for a total daily dose of 2400 mg, or 1200 mg twice 
daily with an extended-release tablet. Zileuton should be 
taken with meals and at bedtime but can be taken with or 
without food. The extended-release tablet should not be 
crushed, cut, or chewed. Zileuton is a cytochrome P-4S0 
enzyme substrate and as such will affect the plasma con- 
centration of other substrates metabolized by the P-450 
system such as theophylline, propranolol, and warfarin. 

Adverse Events 

The most common side effects are abdominal pain, upset 
stomach, and nausea. Zileuton is associated with threefold 
or greater elevations of liver enzymes (serum aminotrans- 
ferase) in 2% to 4% of patients. 105 The elevations usually 
occur during the first 3 months of treatment and return to 
normal when zileuton is discontinued. Therefore liver 
function should be evaluated before starting zileuton, 
monthly for the first 3 months of treatment, then every 
3 months for the first year, and periodically thereafter. 


TABLE 20-3 


Leukotriene-Modifying Agents 

Agent Available Formulations 

Adverse Events 

Administration Comments 

Zileuton (Zyflo) 

600-mg tablet, 

600-mg 1 2-hour extended 
release tablet 

Elevated liver enzymes, 
reversible hepatitis, and 
hyperbilirubinemia 

Extended-release tablet should not be 
crushed, cut, or chewed. 

Zileuton increases serum theophylline 
and warfarin concentrations. 

Zafirlukast 

10-mg chewable tablet, 

Headache, elevated liver 

Administer at least 1 hour before or 

(Accolate) 

20-mg tablet 

enzymes, reversible hepatitis 

2 hours after a meal. 

Montelukast 

4-mg or 5-mg chewable 

NOTE: Rare cases of 

Patients with both asthma and allergic 

(Singulair) 

tablet, 10-mg tablet, 

4-mg granule packet 

eosinophilic vasculitis 
(Churg-Strauss) have been 
reported. 

rhinitis should take their dose in the 
evening. 

Montelukast granules are not intended 
to be dissolved in liquid and must be 
administered within 15 minutes of 
opening the packet. 
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Montelukast (Singulair) 
and Zafirlukast (Accolate) 

Dosage and Administration 

Montelukast is available as both a 4-mg and 5-mg 
chewable cherry-flavored tablet, as well as a 10-mg 
film-coated tablet. The dose for children 2 to S years 
old is one 4-mg tablet daily. The dose for children 6 to 
14 years old is one 5-mg tablet daily. The dose for ado- 
lescents (15 years and older) and adults is one 10-mg 
tablet daily. Montelukast is dosed once daily in the eve- 
ning as 4-mg or 5-mg chewable tablets for ages 2 to 
5 years and 6 to 14 years, respectively. A 10-mg tablet is 
available for adolescents older than 15 years. The initial 
response after a single dose of montelukast occurs in 3 
to 4 hours with a duration of action up to 24 hours. 
Montelukast has also been shown to improve symp¬ 
toms when used in combination with loratadine for the 
treatment of seasonal allergic rhinitis. 

Zafirlukast is rapidly absorbed after oral administra¬ 
tion, with a response in approximately 3 hours. The du¬ 
ration of action is approximately 10 hours. Clinical trials 
demonstrated that zafirlukast improved daytime asthma 
symptoms, nighttime awakenings, rescue (3 agonist use, 
FEVi, and morning peak expiratory flow rate. 92 Zafirlu¬ 
kast is not a bronchodilator and is not used to treat 
acute episodes of asthma. Because food reduces the bio- 
availability, zafirlukast should be taken on an empty 
stomach or approximately 1 hour before or 2 hours after 
meals. Zafirlukast can inhibit the metabolism of warfa- 
rin; therefore, patients receiving warfarin anticoagulant 
therapy concomitantly with zafirlukast should have 
their prothrombin time closely monitored and adjusted 
accordingly. 

Ad verse Events 

Leukotriene modifiers are appealing because of their excel¬ 
lent safety profile for long-term control of mild persistent 
asthma in children. The most common side effect is head- 
ache. Other side effects of leukotriene receptor antagonists 
include mild fatigue, fever, abdominal pain, gastroenteri- 
tis, heartburn, dizziness, and rash. 

Elevation of liver enzymes, progressing to hepatitis and 
hepatic failure, has occurred in patients using zafirlukast. 
Most incidents occurred while using doses four times 
higher than the recommend dose; however, similar cases 
have occurred in patients receiving the recommended daily 
dose. 

In rare cases, patients may present with clinical features 
of vasculitis consistent with Churg-Strauss syndrome, 
which typically have been reported in patients undergoing 
a reduction in oral corticosteroid medication. Resolution 
of symptoms occurred when the agent was discontinued 
and corticosteroid therapy resumed. 106 ' 109 Although fur- 
ther studies are needed to determine the extent of the as¬ 
sociation, many believe that the syndrome is unmasked 
after withdrawal of the corticosteroid. 110 


M ETH YLXANTHIN ES 

Theophylline 

Mechanism of Action 

The Chemical structure of theophylline is similar to dietary 
caffeine with a mechanism of action that is not completely 
understood. Theophylline is thought to competitively 
inhibit phosphodiesterase, the enzyme that degrades 
cAMR Increased concentrations of cAMP may mediate the 
observed bronchodilation (see Figure 20-1). Other pro¬ 
posed mechanisms of action include inhibition of the re- 
lease of intracellular calcium and competitive antagonism 
of the bronchoconstrictor adenosine. As a result, theophyl¬ 
line relaxes smooth muscle, stimulates the central nervous 
system and cardiac muscle, increases mucociliary trans¬ 
port and diaphragmatic contractility, and acts on the kid- 
neys to promote diuresis. 

Place in Therapy 

Theophylline has both bronchodilatory and anti- 
inflammatory properties, with potential steroid-sparing 
and immunomodulatory effects. 111,112 The role of theoph¬ 
ylline in the management of childhood asthma has been 
decreasing because of serious adverse affects. Theophyl¬ 
line is not recommended for acute asthma exacerbations 
but can be used as an alternative to inhaled corticoste- 
roids for children with mild persistent asthma. 8 

Dosage and Administration 

Theophylline is available in a multitude of dosage formula- 
tions and strengths, with great variation in the recommended 
dosing guidelines based on patient age. Sustained-release 
preparations generally provide more consistent drug levels 
and allow dosing once, twice, or three times daily, favoring 
patient compliance. Theophylline is rapidly absorbed, with 
wide variations in clearance because of differences in hepatic 
metabolism. Multiple factors increase the clearance rate of 
theophylline and result in higher dose requirements, includ- 
ing smoking, hyperthyroidism, and concurrent use of medi- 
cations such as phenobarbital and rifampin. Factors that can 
decrease clearance and lead to toxicity include hypothyroid- 
ism, congestive heart failure, liver failure, and the use of oral 
contraceptives and various antibiotics, including ciprofloxa- 
cin and erythromycin. 

Because of the wide interpatient variability of the¬ 
ophylline clearance, routine serum theophylline level 
monitoring is vital. Doses are adjusted based on serum 
concentrations, with a goal of 5 to 15 (Jig/ml when drug 
concentrations approach steady State. Steady State oc¬ 
curs approximately 48 hours after the administration of 
the same dose of theophylline. 8 

Adverse Events 

The use of theophylline to treat chronic childhood asthma 
is problematic because of potentially serious short-term 
and long-term adverse events. Dose-related acute toxicities 
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include tachycardia, nausea, vomiting, supraventricular 
tachycardia, central nervous system stimulation, seizures, 
headache, and electrolyte disturbances. Adverse events 
seen at therapeutic serum concentrations include insom- 
nia, gastric upset, and hyperactivity. 8,113 

MAST CELL STABILIZERS 

Cromolyn Sodium (Gastrocrom) 
Mechanism of Action 

Although the complete mechanism of action of cromolyn 
is unknown, it does inhibit mast cell degranulation after 
exposure to antigens, therefore blocking the release of 
histamine and leukotrienes. These actions serve to inhibit 
the early asthmatic response through stabilization of the 
mast cell membrane. Cromolyn has no intrinsic broncho- 
dilator, antihistaminic, anticholinergic, or vasoconstric- 
tor activity. 7 

Place in Therapy 

The EPR-3 on asthma recommends cromolyn sodium for 
treatment of mild and moderate persistent asthma. 8 Inhaled 
corticosteroids are superior to cromolyn as controller ther¬ 
apy for mild persistent asthma in children. Although there 
are some studies in which cromolyn compared favorably to 
other therapies, a systematic review of trials of cromolyn 
versus placebo found no clear therapeutic efifect. 114,115 

Dosage, Administration, and Adverse 
Events 

Cromolyn sodium is only available as a nebulizer solution. 
The recommended dosage of the solution for nebulization 
in children older than 2 years is 20 mg (one 2-ml ampule) 
four times daily. The ampule must be protected from light 
and should not be used it if it contains a precipitate or 
becomes discolored. Serious adverse events after cromolyn 
administration are relatively rare; however, the most com- 
monly reported include cough, nasal congestion, nausea, 
throat irritation, and sneezing. 116 

MAGNESIUM SULFATE 
Mechanism of Action 

Magnesium is an abundant intracellular cation and a co- 
factor in more than 300 enzymatic and cellular reactions 
in the body. Magnesium relaxes smooth muscle and can 
cause depression of the central nervous system. When 
given intravenously, magnesium promotes bronchodila- 
tion by competing for binding sites with calcium ions, es- 
sentially acting as a competitive calcium channel blocker. 11 

Place in Therapy 

Magnesium sulfate is generally reserved for patients in the 
emergency department or those having life-threatening 
exacerbations who remain in the severe category after 
1 hour of intensive conventional therapy. 8 Clinical studies 


have proven safe improvements of spirometric indices dur¬ 
ing severe asthma exacerbations when magnesium sulfate 
is used in addition to standard therapy in the ED. 118 ' 120 
Nebulized magnesium sulfate has also been used success- 
fully with and without (3 2 -agonists in the treatment of 
acute asthma. 121,122 

Dosage, Administration, 
and Adverse Events 

The intravenous dose of MgS0 4 for bronchodilation as ad- 
junctive treatment in an acute severe asthma exacerbation is 
25 to 75 mg/kg, with a maximum of 2 g given as a single 
dose. 8 Oral administrations are not commonly used for 
asthma exacerbations; however, it is important to note that 
a 1-g dose of magnesium sulfate is equivalent to 98.6 mg 
(8.12 mEq) of elemental magnesium if MgS0 4 is used to 
treat hypomagnesemia. 

Dose-related facial flushing and vasodilation can occur, 
as well as infusion-related hypotension and vasodilation. 
Other adverse events of MgS0 4 include fatigue, somno- 
lence, respiratory depression, and blunting of deep tendon 
reflexes. As the magnesium serum level diminishes, deep 
tendon reflexes return in reverse order of attenuation. 

MUCOLYTIC AND HYDRATING 
AGENTS 

N-Acetylcysteine (Mucomyst) 
Mechanism o f Action 

The viscosity of mucous secretions in the lungs depends 
on the concentrations of mucoprotein and the presence of 
disulfide bonds between these macromolecules and DNA. 
IV-acetylcysteine (NAC) acts to split the sulfide bonds in 
the macromolecules, thereby decreasing viscosity and elas- 
ticity of airway mucus, allowing for removal by normal 
chest physiotherapy. 122 The action of IV-acetylcysteine is 
pH dependent, with mucolytic action significant at pH 
ranges of 7.0 to 9.0. 124 

Place in Therapy 

Oral and aerosolized NAC is indicated as a mucolytic 
agent used as adjunctive therapy for pulmonary complica- 
tions involving abnormal or viscid mucous secretions such 
as bronchopulmonary disease, pulmonary complications 
of surgery, and cystic fibrosis (CF). 12S Use of mucolytics in 
clearing secretions in patients with non-cystic fibrosis 
bronchiectasis is controversial and uncertain. 126,12 Intrave¬ 
nous and oral formulations of acetylcysteine are used as 
emergent antidotes in acetaminophen overdose to prevent 
or lessen hepatic injury after ingestion of a hepatotoxic 
quantity of acetaminophen. 128 

Dosage, Administration and Adverse 
Events 

IV-acetylcysteine is available as either a 10% or 20% solution. 
The recommended aerosolized dose of IV-acetylcysteine 
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in children is 3 to 5 ml of the 20% solution. The 20% solu¬ 
tion should be diluted with an equal volume of water or 
normal saline and administered by nebulizer three or four 
times per day. The 10% solution may be used undiluted. The 
aerosolized solution should be administered separately as it 
is incompatible with several other medications. A slight 
color change (light purpie) may occur with opened vials but 
does not affect the safety or efficacy of the solution. 129 

Adverse events reported with IV-acetylcysteine include 
stomatitis, vomiting, hemoptysis, bronchospasm, and se- 
vere rhinorrhea. It has an unpleasant, pungent odor that 
may lead to an increased incidence of nausea. 124 

Dornase Alfa (Pulmozyme) 
Mechanism of Action 

An additional factor that contributes to viscous mucus in 
patients with CF is extracellular DNA. Bacterial cell death 
and subsequent cell lysis release DNA into the extracellu¬ 
lar environment, which works to thicken airway secretions. 
Dornase alfa is a highly purified solution of recombinant 
human deoxyribonuclease I (rhDNase), an enzyme that 
selectively cleaves DNA, facilitating mucus clearance in the 
lung. 130 

Place in Therapy 

By decreasing the size and viscosity of DNA in sputum, 
dornase alfa has been demonstrated to reduce mucous 
obstruction and improve pulmonary function in patients 
with CF. Studies have shown that daily administration of 
dornase alfa results in a definite improvement in the FEVi 
above baseline. 131 Furthermore, administration of dornase 
alfa in CF patients also resulted in a significant reduction 
in the number of patients experiencing respiratory tract 
infections requiring parenteral antibiotics. 132-134 

Dosage, Administration, and Adverse 
Events 

Dornase alfa is indicated as an adjunct to standard thera- 
pies to improve pulmonary function in the management 
of patients S years of age and older with CF. The recom- 
mended dose for most patients with CF is 2.5 mg by nebu¬ 
lizer once daily; however, some patients may benefit from 
twice-daily treatments. Although dornase alfa is not ap- 
proved in children younger than 5 years, there are small 
studies in children as young as 3 months of age with simi- 
lar reported efficacy and adverse events. 135,136 Because of 
inactivation, dornase alfa ampules should be kept refriger- 
ated and not diluted or mixed with other medications in 
the nebulizer. 137 

Common adverse events have included voice alteration, 
pharyngitis, laryngitis, rash, and chest pain. Other less 
common adverse events include respiratory symptoms, flu 
syndrome, malaise, hypoxia, and weight loss. 13 Interest- 
ingly, when aerosolized dornase alfa is administered 
in healthy subjects and CF patients, a lack of an allergic 
response or serum antibodies has been demonstrated. 138 


Hypertonic Saline 
Mechanism of Action 

Several hypotheses have been postulated to explain the 
mechanism by which hypertonic saline works in pulmo¬ 
nary diseases. Proposed mechanisms include alteration of 
mucus viscosity by osmotic absorption of water from the 
submucosa, restoration of airway surface liquid, and irri- 
tant properties that stimulate cough and mucociliary 
clearance of mucociliary secretions. 1 ’ 1 

Place in Therapy 

Hypertonic saline is considered a hydrator and not a muco- 
lytic agent. Hypertonic saline has been studied in several 
chronic lung disease States as a means of mobilizing secre¬ 
tions, with most of the literature supporting use in CF pa¬ 
tients. Ultrasonic nebulization of 7% hypertonic saline in 
patients with CF with moderate obstructive lung disease has 
been shown to increase mucociliary clearance. 140,141 On the 
other hånd, studies in non-CF bronchiectasis have been un- 
clear. A recent Cochrane review found no papers worthy of 
analysis; however, some studies have shown benefit if added 
to other mucus-clearance technologies. 142,143 Further studies 
on the long-term efficacy of hypertonic saline therapy and 
optimal hypertonic saline concentration are warranted. 

Dosage, Administration, and Adverse 
Events 

A variety of hypertonic saline concentrations has been 
used in conjunction with inspiratory positive ventilation, 
with a usual dose of 3 to 4 ml via nebulizer every 4 hours 
up to twice daily. The 3% and 5% nebulized solutions are 
often used if the 7% hypertonic saline solution is not toler- 
ated. Studies administering hypertonic saline used various 
types of nebulizers, including jet and ultrasonic nebuliz- 
ers. 140,145,146 Hypertonic saline should not be mixed with 
any of the standard bronchodilators or adjunctive agents. 
The most commonly reported side effect is cough; how¬ 
ever, bronchospasms and pulmonary edema have also 
been reported. Prophylactic bronchodilator administra¬ 
tion is recommended to prevent the potential broncho- 

140 

spasms. 

ANESTHETICS 

Ketamine 

Mechanism of Action 

The mechanism of action for ketamine appears to be a 
selective interruption of the association pathways of the 
brain. The resulting bronchodilation may be of sympathetic 
origin. There is also a parasympathetic limb of action 
whereby ketamine diminishes acetylcholine activity on bron- 
chial smooth muscle, resulting in bronchodilation. 147,148 

Place in Therapy 

Ketamine is an anesthetic agent that produces anesthe- 
sia, sedation, and amnesia without significant respiratory 
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depression. Because of its bronchodilating effects, ket- 
amine has been used as part of rapid-sequence intubation 
in pediatric patients with status asthmaticus. It has also 
been used as a combined bronchodilator and sedative in 
patients with asthma requiring mechanical ventilation. 
In the setting of quickly deteriorating asthma, ketamine 
may be one of several last-resort medications to prevent 
placing the patient on mechanical ventilation. In general, 
the use of ketamine should be viewed as third- or fourth- 
line therapy. 149 

Dosage, Administration, and Adverse 
Events 

Ketamine is given through a central venous catheter as a 
continuous infusion with a normal dose for sedation of 5 to 
20 Pg/kg/min. For bronchodilation, the starting dose may 
be as small as 2 pg/kg/min and titrated to effect. 150,151 For 
sedation or minor procedures, the dose is 0.5 to 1 mg/kg. 
The duration of action of a single dose can last up to 10 to 
20 minutes. Parenteral administrations should not exceed 
0.5 mg/kg/min and be given no faster than 60 seconds. 152 

Adverse events seen with ketamine include increased 
sympathomimetic activity, seizures, delirium, increased 
laryngeal secretions, and respiratory depression. During 
the recovery phase, unusual dreams and hallucinations 
have been reported. Premedication with midazolam (less 
than 0.1 mg/kg) can attenuate this effect. Intubation 
equipment must be readily available before administering 
ketamine, because the sedative effects may result in respi¬ 
ratory failure and the need for emergency intubation. Epi- 
nephrine should also be available for possible bradycardia. 

AEROSOLIZED ANTIMICROBIALS 

The delivery of aerosolized antibiotics is a vital component 
of treatment for several respiratory disorders, including 
CF, non-CF bronchiectasis, and pneumonia. 144 Aerosol 
delivery of antibiotics reduces the likelihood of systemic 
adverse events and is often used for targeted antimicrobial 
delivery to a site of infection. 1 ' However, the delivery of 
aerosolized antimicrobials to infants and children is com- 
plicated by several anatomical and physiological differ¬ 
ences in their respiratory systems in comparison to adults. 

Several factors influence the ultimate amount of drug 
delivered to the appropriate anatomical region within the 
lung, including properties of the delivery device, aerosol 
particles, disease State, administration technique, and the 
drug’s specific pharmacological properties. The pharmaco- 
logical effect of a drug is dependent on the site of deposition 
within the lung, the rate of drug clearance from the airway, 
and the site of infection. 154 To be effective, drug particles 
must withstand the forces required to generate the aerosol 
and often must penetrate a mucus layer (i.e., biofilm) and 
airway mucosa to reach their target receptor sites or cells. 

Pulmonary manifestations as a result of colonization of 
Pseudomonas aeruginosa in CF patients have independently 
been associated with a decline in lung function and death. 155 


Therapies, including aerosolized antimicrobials, can poten¬ 
tially decrease organism burden or eliminate colonization, 
improving clinical outcomes of patients with CF. 153,156 Strat¬ 
egies for optimal use of aerosolized antimicrobials differ 
depending on the status of the patient. Eradication of air¬ 
way pathogens is most likely early in the disease; once the 
patient has been colonized, suppressive therapy is unlikely 
to eradicate the organism but may potentially reduce 
disease complications. Chronic suppressive therapy cycles 
between 28-days-on and 28-days-off therapy designed to 
suppress bacterial burden, which has been shown to improve 
lung function, quality of life, and hospitalization rates. 157 

Addition of inhaled antimicrobials to the armamentar- 
ium of antibiotics may help address the problematic increase 
in antimicrobial resistance. Antimicrobial classes such as 
aminoglycosides, (3-lactams, and antivirals have all been 
aerosolized with various degrees of efficacy; however, only a 
few commercial formulations currently exist for this route of 
administration. 153 Usual doses and administration com- 
ments for nebulized antimicrobials are listed in Table 20-4. 

Tobramycin (Tobi, Tobi Podhaler) 

Mechanism, Piace in Therapy, 
and Adverse Events 

Tobramycin is an aminoglycoside antibiotic typically used 
to treat gram-negative infections, including Pseudomonas 
aeruginosa. Tobramycin is bactericidal by binding to ribo- 
somal subunits, which in turn inhibits bacterial protein 
synthesis. An inhalation formulation of tobramycin solu¬ 
tion (Tobi) was approved by the U.S. FDA in 1998 primar- 
ily for chronic suppressive therapy in CF patients. Use of 
nebulized tobramycin can improve FEV! by 7.8% to 12% in 
CF patients and potentially eradicate P. aeruginosa from the 
respiratory tract in early colonization and in young 
patients. 137 ' 159 Several clinical studies have also shown a re- 
duction in hospitalizations for acute exacerbations as well 
as in the parenteral use of antipseudomonal antibiotics in 
CF patients with varying degrees of disease severity. 157-159 
Tobramycin inhalation solution is indicated for CF pa¬ 
tients older than 6 years with P. aeruginosa infection and an 
FEV^ between 25% and 75% of predicted values. 160 Aerosol¬ 
ized tobramycin has also played a role in the treatment of 
hospital-acquired pneumonia and treatment of acute exacer¬ 
bations and suppression for non-CF bronchiectasis. 151 (TOBI 
PODHALER [tobramycin] capsule [package insert]. Novartis 
Pharmaceuticals Corporation, East Hanover, NJ, 2013) 

Peak sputum levels of aerosolized tobramycin can 
exceed 10 to 25 times the minimum inhibitory concen- 
tration (MIC) of bacterial pathogens; however, systemic 
exposure and incidence of systemic adverse events are rela- 
tively low. Cough, pharyngitis, increased sputum produc- 
tion, rhinitis, and dyspnea are the most commonly 
reported adverse effects. 161 

A tobramycin inhalation powder (TIP) has recently been 
approved by the FDA designed to relieve the high treatment 
burden and improve patient adherence in patients with 
CF with chronic pulmonary P. aeruginosa infections. The 
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TABLE 20-4 


Aerosolized Antimicrobial Agents 

Antimicrobial Antimicrobial Class 

Usual Dosage 

Administration Comments 

Tobramycin 
inhalational 
solution (Tobi) 

Aminoglycoside 

300 mg every 12 hours in 
repeated cycles of 28 days on 
followed by 28 days off with 

Pari LC Plus 

Doses should be administered at 
least 6 hours apart. 

Ampules should be kept in the 
refrigerator and protected 
from light. 

Tobramycin inha¬ 
lation powder 
(Tobi Podhaler) 

Aminoglycoside 

Inhalation of the contents of 
four 28 mg capsules twice-daily 
for 28 days on followed by 

28 days off using the Podhaler 
device 

Capsules must not be swallowed 
and should always be stored in 
the blister and removed immedi- 
ately before use. 

Aztreonam lysine 
(Cayston) 

Monobactam 

75 mg three times daily in 
repeated cycles of 28 days 
on followed by 28 days off 
with Altera nebulizer system 

Use ofa bronchodilator before 
administration is recommended. 
Incompatible with other 
nebulizer medications. 

Colistimethate 
(Coly-Mycin M) 

Polymixin 

80-1 60 mg twice daily 

Solution should be used promptly 
after reconstitution. 

Pentamidine 

(NebuPent) 

Antiprotozoal 

300 mg every 4 weeks with 

Respirgard II nebulizer 

Safety and efficacy dependent on 
appropriately sized face mask. 

Do not mix with other nebulizer 
solutions. 

Ribavirin 

Antiviral 

Continuous: 12-18 hours/day 

X 3 days 

Intermittent: 2 g over 2 hours 
three times daily with Viratek 
small particle aerosol generator 

Contraindicated in pregnancy. 
Incompatible with other 
nebulizer medications. 


inhalation powder formulation is a light, porous particle 
using PulmoSphere technology designed to deliver the 
tobramycin in a capsule-based dry powder inhaler over 
S minutes without the need for any device cleaning. 188 
Clinical studies in patients older than 6 years have shown 
that systemic exposure to TIP is comparable with the tobra¬ 
mycin inhalation solution, as is efficacy, and TIP had higher 
treatment satisfaction scores, a shorter duration of admin¬ 
istration, and a higher rate of cough. 189,190 

Aztreonam Lysine (Cayston) 
Mechanism, Place in Therapy, 
and Adverse Events 

Aztreonam is a relatively old monobactam antibiotic that 
historically has been used intravenously to treat gram¬ 
negative bacteria by binding to the cell wall penicillin¬ 
binding proteins leading to cell wall destruction. The par- 
enteral formulation contains arginine to stabilize the 
formulation’s pH; however, repeated exposure to arginine 
has been shown to cause airway inflammation and cough- 
ing. 162,163 The nebulized aztreonam solution (Cayston) is a 
newly formulated lyophilized lysine salt approved for 
chronic suppressive therapy of respiratory symptoms in CF 
patients. Aztreonam lysine is indicated for patients 7 years 
and older with FEVi between 25% and 75% of predicted 
values not colonized with Burkholderia cepacia. The inhaled 
formulation of aztreonam is only administered using the 
Altera nebulizer system, which is designed to produce 
appropriate-sized particles to achieve high sputum and low 
systemic concentrations over a treatment period of 2 to 


3 minutes. Nebulized aztreonam is dosed three times a day, 
consistent with other antibiotics that require multiple daily 
doses secondary to the time-dependent killing. 164 Interest- 
ingly, patients with mild lung impairment treated for 

4 weeks with inhaled aztreonam did not demonstrate sig- 
nificant improvement in respiratory symptoms; however, 
patients with an FEVj lower than 90% experienced a greater 
response. 165 Open-label studies of eradication of early 
P. aeruginosa in pediatric patients are currently under way. 

Because nebulized aztreonam is fairly new to U.S. mar- 
kets, the majority of adverse events reported are based on 
observations from clinical trials and may not reflect the 
rates observed in a clinical setting. The most common 
adverse reactions reported were cough, nasal congestion, 
wheezing, and pharyngolaryngeal pain. Short-acting bron- 
chodilators provides a greater reduction in P. aeruginosa 
density as well as improved FEVi and sputum drug con¬ 
centrations when administered between 15 minutes and 
4 hours before each dose. 166,167 

Colistimethate (Coly-Mycin M) 

Mechanism, Place in Therapy, 
and Adverse Events 

Colistimethate sodium is a polymyxin antibiotic that acts 
as a cationic detergent damaging bacterial cytoplasmic 
membranes of gram-negative organisms, causing leakage 
of intracellular substances and eventually cell death. Colis- 
tin has been aerosolized for several years for eradication 
and chronic suppression of P. aeruginosa. Coincidently, 
there is a paucity of large, randomized, controlled studies, 
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but colistin has been reported to be used therapeutically in 
prevention or eradication of bacteria in CF, treatment of 
hospital-acquired pneumonia, and suppressive therapy in 
non-CF bronchiectasis. 153 The Cystic Fibrosis Foundation 
Pulmonary Guidelines Committee found insufficient evi- 
dence to recommend for or against the use of colistin for 
chronic P. aeruginosa infection, but the agent was included in 
the European guidelines on inhaled medications in CF. 160,168 

As compared with other nebulized antimicrobials, colistin 
has a higher rate and severity of pulmonary adverse events, 
nephrotoxicity, and bronchospasms. After reconstitution 
of colistimethate, the drug molecule is hydrolyzed into two 
active components, polymyxin El and polymyxin E2. In ani- 
mal models, polymyxin El can cause localized inflammation 
of the airway epithelia and eosinophilic infiltration. When 
colistimethate is used for inhalational therapy, the colisti¬ 
methate solution should be used promptly after reconstitu¬ 
tion to limit the potential risk of lung toxicity. 

Pentamidine (NebuPent) 

Mechanism, Place in Therapy, 
and Adverse Events 

Pneumocystis jirovecii (formerly known as Pneumocystis cari- 
nii) pneumonia is an opportunistic infection that histori- 
cally had a high rate of mortality, which has since 
decreased because of the routine use of prophylaxis. P. cari- 
nii is an animal commensal, whereas P. jirovecii is the hu¬ 
man commensal and pathogen. PCP as an acronym for 
Pneumocystis pneumonia has been retained since the change 
in nomenclature. 169,170 In severe cases of PCP, such as adult 
patients requiring mechanical ventilation, mortality can 
approach up to 50%; PCP is associated with an even higher 
rate of mortality in children. Disease States associated 
with immunosuppression are typical candidates for Pneu¬ 
mocystis prophylaxis, including patients with human 
immunodeficiency virus (HIV), solid organ transplant 
recipients, and patients with hematological malignancies. 

Pentamidine is categorized as an antiprotozoal and acts 
by interfering with protein synthesis by inhibiting oxidative 
phosphorylation of nucleotides and nucleic acids into proto¬ 
zoa RNA and DNA. 1 2 Clinical trials have proven a slight 
inferiority of aerosolized pentamidine compared with trime- 
thoprim-sulfamethoxazole, which has led to the Infectious 
Disease Society of America (Arlington, VA), Centers for 
Disease Control and Prevention (CDC, Atlanta, GA), and 
American Academy of Pediatrics (Elk Grove, IL) to recom¬ 
mend aerosolized pentamidine as a secondary alternative for 
prevention of PCP in patients with HIV infection. 1 3 Aerosol¬ 
ized pentamidine is not recommended for the treatment of 
PCP because of limited efficacy and more frequent relapses. 173 

Aerosol administration of pentamidine is associated 
with fewer systemic adverse events than oral administra¬ 
tion of prophylactic agents. Respiratory symptoms include 
cough, wheezing, shortness of breath, and reversible 
bronchospasms Other effects include fatigue, dizziness 
or lightheadedness, fever, throat irritation, conjunctivitis, 


decreased appetite, nephrotoxicity, glucose intolerance, 
and allergic reactions. 172 Nebulized pentamidine should be 
administered in a negative pressure room and through 
a Respigard II, which routes exhaled breaths through a 
microfilter to avoid potential adverse events to health care 
workers in the immediate treatment area. 

ANTIVIRAL AGENTS 

Ribavirin (Virazole) 

Mechanism, Place in Therapy, 
and Adverse Events 

Ribavirin is a synthetic nucleoside analogue that disrupts 
viral protein synthesis through inhibition of messenger ri- 
bonucleic acid (mRNA) expression. Oral ribavirin is used in 
combination with parenteral pegylated interferon alfa-2a 
for treatment of chronic hepatitis C. Nebulized ribavirin is 
the only FDA-approved agent for the treatment of hospital- 
ized infants and children with respiratory syncytial virus 
(RSV) lower respiratory tract infections (see Chapter 26). 174 
However, routine use is not recommended and should be 
reserved for life-threatening RSV infections because of lack 
of consistent efficacy data and potential risks to health care 
workers administering the aerosol. 1 3 ' 17 ’ Nebulized ribavirin 
has also been used in treating severe influenza virus infec¬ 
tions; however, it does not appear to be beneficial other than 
reducing the duration of fever in hospitalized children. 178 

In nonmechanically ventilated infants, aerosolized riba¬ 
virin should be administered in an oxygen hood from the 
small particle aerosol generator (SPAG-2). Special precau- 
tions are essential with mechanically ventilated patients to 
prevent complications and to reduce the risk of crystalline 
precipitation in the circuit. The use of one-way valves in 
the inspiratory lines, a breathing circuit filter in the expira- 
tory line, and frequent monitoring and filter placement are 
effective in preventing these complications and subse- 
quent ventilator dysfunction. 

Adverse events attributed to nebulized ribavirin are infre- 
quent but can include sudden deterioration and adverse 
cardiovascular effects. The most common reported adverse 
events include conjunctival irritation, rash, and transient 
wheezing. Techniques to reduce environmental exposure are 
highly recommended to reduce risk of toxicity to the health 
care provider and surrounding staff. Ribavirin is FDA preg- 
nancy category X; thus pregnant women should not directly 
care for patients receiving aerosolized ribavirin. Because aero¬ 
solized particles of ribavirin can precipitate on contact lenses, 
the use of protective goggles or glasses is recommended. 174 

IMMUNOMODULATORS 

Palivizumab (Synagis) 

Mechanism, Place in Therapy, 
and Adverse Events 

Palivizumab is a humanized monoclonal antibody with 
neutralizing activity against the F protein of RSV. It 
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is given intramuscularly on a monthly basis at a dose of 
15 mg/kg/dose throughout the annual RSV season. Typi- 
cally, RSV activity is between November and March with a 
peak in January or February. Communities in the Southern 
United States, particularly Florida, tend to experience ear- 
lier onsets of RSV. Palivizumab has demonstrated benefit 
in protecting against RSV hospitalization in premature 
infants with underlying prematurity, chronic lung disease 
of infancy, and congenital heart disease. 179 ' 181 Five monthly 
doses of palivizumab provides more than 20 weeks of protec- 
tive serum antibody concentrations. 182 However, cost consid- 
erations have lead to restrictive guideline recommendations 
for high-risk infants from the American Academy of Pedi- 
atrics (Elk Grove, IL), including full-term and premature 
infants with either chronic lung disease, congenital heart 
disease, or congenital abnormalities of the airway 175 

Adverse reactions to palivizumab are extremely rare. 
The most common reported reactions include rash, fever, 
local injection site reactions, and, rarely, anaphylaxis. 182 

Omalizumab (Xolair) 

Mechanism, Place in Therapy, 
and Adverse Events 

Omalizumab is a recombinant humanized monoclonal 
anti-IgE antibody that binds to the same receptor of the IgE 
molecule on basophils and mast cells. In turn, omalizumab 
inhibits the release of free IgE from mast cells in response to 
an allergen exposure and has been shown to decrease the 
incidence of asthma exacerbations. 183 Subcutaneous oma¬ 
lizumab is recommended as adjunctive therapy in patients 
12 years and older who have allergies and severe persistent 
asthma that is inadequately controlled with the combina- 
tion of high-dose inhaled corticosteroids and long-acting 
(3 agonists. 8 There is no indication for the use of omalizumab 
in the treatment of other allergic conditions, including the 
relief of acute bronchospasms or status asthmaticus. 183 

Adverse reactions include headache, dizziness, fatigue, 
and local injection site reactions. Although rare, anaphylac- 
tic reactions have occurred after the first and subsequent 
doses in patients who presented no identifiable triggers. Pa¬ 
tients should be monitored and medications for treatment 
of severe allergic reactions should be readily available. 183 

INVESTIGATIONAL AGENTS 
Bronchodilators 

Simplifying pharmacological regimens to bronchodilating 
agents is fundamental to increasing patient compliance and 
controlling symptoms of asthma and COPD. The potential 
of a single drug with a long duration of action or with a bi- 
functional mechanism of action presents a new approach to 
the treatment of restrictive respiratory diseases. 

Aclidinium bromide (Tudorza, Forest Pharmaceuticals 
Inc., St. Louis, MO) is a novel long-acting anticholinergic 
agent that recently obtained FDA approval for long-term 
maintenance treatment of bronchospasms associated with 


COPD. 184 When compared with other bronchodilatory 
agents in vitro, aclidinium demonstrated potent anticho¬ 
linergic activity comparable to both tiotropium and 
ipratropium. Aclidium displayed a faster onset of action 
than tiotropium and a significantly longer duration of ac¬ 
tion versus ipratropium, allowing for a 24-hour duration 
of action. 1 -'' Clinical studies evaluating dose efficacy and 
safety have resulted in improvements in bronchodilation, 
health status, and dyspnea in patients with COPD with a 
relatively low incidence of adverse events when compared 
with placebo. 186 

Secondary to the proven clinical efficacy of inhaled anti- 
cholinergics and p 2 -agonists, there has been recent interest 
in the development of combining both pharmacological 
agents for the treatment of asthma and COPD. GSK-961081 
is a novel long-acting muscarinic receptor antagonist/ 
|3 2 -adrenergic receptor agonist (MABA) bronchodilator that is 
currently in clinical studies. GSK-961081 has a dual mecha¬ 
nism of action that covalently links a muscarinic antagonist 
and a (3 2 -agonist within a single drug molecule. In phase I ran- 
domized double-blind, placebo-controlled studies of healthy 
volunteers, GSK961081 was generally well tolerated and dem¬ 
onstrated evidence of bronchodilation more than 24 hours 
after a single dose and after seven consecutive daily doses. 18 
Phase 2 studies with GSK-96108 is currently under way. 

Antimicrobials 

The emerging recognition of aerosol antibiotics’ role as an 
integral part of treatment regimens in patients with chronic 
airway infections has stimulated several efforts in drug de¬ 
velopment research. There have been significant advances 
in the development of novel aerosolized antibiotic formula- 
tions including a liposomal aminoglycoside and fluoroqui- 
nolone inhalation solution that are in various stages of 
clinical development. 

Amikacin is an aminoglycoside antibiotic with a similar 
mechanism of action to tobramycin; it is currently in phase 
III studies. Liposomal amikacin (Arikace, Transave Incor- 
porated, Monmouth Junction, NJ) is being developed as an 
inhaled treatment option for gram-negative infections 
aerosolized with an eFlow nebulizer. Theoretically this 
novel formulation is advantageous because the liposomes 
have been shown to penetrate biofilms in vitro, which 
would allow for sustained high drug concentrations in the 
lung and potentially improve compliance and clinical out- 
comes. 1 ’ 11 Once-daily doses of the liposomal amikacin have 
been shown to be equivalent as twice-daily tobramycin in 
rat lung models, and a sustained effect in FEV/ versus pla¬ 
cebo has been observed in human clinical studies. 191,192 

Inhalational levofloxacin (Aeroquin [MP-376], Mpex 
Pharmaceuticals, San Diego, CA) is a fluoroquinolone an¬ 
tibiotic that acts by inhibiting DNA gyrase of bacterial 
pathogens and promoting breakage of bacterial DNA 
strains. In contrast to other antimicrobials, in vitro studies 
of aerosolized levofloxacin in patients with CF demon¬ 
strated effectiveness against P. aeruginosa in the presence of 
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sputum and biofilm and in anaerobic environments. 193,194 
Further clinical studies have also demonstrated promising 
results in CF patients with reductions in P. aeruginosa den¬ 
sity and patient’s need for additional antipseudomonal 
antibiotics, as well as improvements in FEVj. 195,196 


CASE STUDY 


A 50-kg, 1 5-year-old boy with a history of asthma presents 
to the emergency department (ED) with dyspnea with audi- 
ble wheezing and tachypnea. Patient has taken his prescribed 
medications of albuterol and montelukast at home with no 
relief of symptoms before presenting to the ED. 

A physical examination revealed a heart rate of 110 beats 
per minute and a respiratory rate of 40 breaths per minute 
with signs of accessory muscle use. Auscultation revealed 
decreased breath sounds with inspiratory and expiratory 
wheezing. Sa 02 was 83% on room air. An arterial biood gas 
(ABG) was ordered with the following results: pH 7.5; Pacx >2 
27 mm Hg; Pa 02 75 mm Hg. 

Which of the following is the best treatment regimen for 
this patient’s asthma exacerbation? (Note: More than one 
answer may be acceptable.) 

1. Oxygen to achieve Sa 02 90% or higher 

2. Levalbuterol 3.75 mg via nebulizer every 20 minutes for 
3 doses 

3. Salmeterol 1 puff (50 p,g) every 30 minutes 

4. Ipratropium 25 mg via nebulizer every 20 minutes for 
3 doses 


See Evolve Resources for answers. 


KEY POINTS 

• Adult dosage regimens are not always appropriate for 
pediatric patients because there are several pharmaco- 
kinetic differences between children and adults, such 
as the gastric motility, volume of distribution, and 
age-dependent activity of drug-metabolizing enzymes. 

• p-adrenergic agonists are the cornerstone treatment of 
bronchoconstrictions in pediatric asthma, COPD, and 
exercise-induced bronchospasms. Short-acting selective 
agents are used for acute relief of symptoms and 
asthma exacerbations. There is no evidence to support 
the isolated use of parenteral p 2 -agonist to treat severe 
asthma exacerbations. 

• The most common adverse effect observed with the 
use of p-adrenergic agonists is tremors through 
excessive activation of p 2 receptors in skeletal muscle. 
Tachycardia and vasodilation are also observed when 
p receptors are stimulated on the heart and peripheral 
vasculature. Hypokalemia can occur by transient 
activation of the Na + /K + pump and transport of K + 
intracellularly. Headache, nervousness, dizziness, 
palpitations, cough, nausea, vomiting, and throat 
irritation may also occur. 


• Long-acting p 2 -agonists (LABA) have a duration 
of action of at least 12 hours, with an onset of 
action that occurs approximately 30 minutes after 
administration. Aerosolized LABAs, anticholiner- 
gics, leukotriene modifiers, and corticosteroids 
are used for maintenance of asthma symptoms 
and should not be used for acute symptom relief. 

• Oropharyngeal candidiasis is often an adverse effect 
in patients receiving corticosteroids by inhalation. It 
is important to counsel patients to rinse their mouth 
with water after each administration to help reduce 
the chance of local adverse events. 

• Montelukast is the most widely used leukotriene 
modifier and is indicated for treatment in children 
6 months or older. Zileuton has been shown to 

be effective in the treatment of cold air-induced, 
aspirin-intolerant, exercise-induced broncho¬ 
spasms and nocturnal asthma. Zafirlukast and 
montelukast are effective in improving asthma 
symptoms and treating a 11 ergi c rhinitis and should 
be considered in patients with poor inhaler tech- 
nique and those who are noncompliant with 
inhaled corticosteroid therapy. 

• /V-acetylcysteine acts by splitting sulfide bonds in 
DNA that leads to a reduction in viscosity and elastic- 
ity of airway mucus. Dornase alfa is an enzyme that 
selective cleaves DNA facilitating mucus clearance in 
the lung. 

• Nebulized ribavirin is the only FDA-approved agent 
for the treatment of hospitalized infants and children 
with respiratory syncytial virus (RSV) lower respira¬ 
tory tract infections. Palivizumab and omalizumab 
are monoclonal antibodies used for RSV prophylaxis 
and treatment of asthma, respectively. Palivizumab is 
indicated for infants at high risk for an RSV infection 
including those with chronic lung disease, congenital 
heart disease, or congenital abnormalities of the air¬ 
way. Subcutaneous omalizumab is recommended as 
adjunctive therapy in patients who have allergies and 
severe persistent asthma that is not adequately con- 
trolled with conventional therapy. 

• Tobramycin and aztreonam are typically used for 
chronic suppressive therapy in CF patients colonized 
with Pseudomonas aeruginosa. Chronic suppressive 
therapy cycles between 28-days-on and 28-days-off 
therapy to suppress bacterial burden. Pentamidine is 
used for prophylaxis for PCP pneumonia caused by 
Pneumocystis jirovecii, most commonly for patients 
with a suppressed immune system. 
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] ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. Which of the following is a true statement? 

I. Fast- and short-acting (3-adrenergic agents are best 
used for rescue of symptoms, whereas long-acting 
agents are best used for maintenance therapy. 

II. Levalbuterol is more safe and efficacious than 
albuterol for the treatment of bronchospasms in 
adults and children. 

III. Administration using a handheld metered-dose 
inhaler (MDI) with a spacer device is equivalent 
to nebulized p 2 _a go n i s t therapy in children and 
adults. 

IV. For an acute asthma exacerbation, albuterol is not 
recommended to be administered continuously 
through a nebulizer. 

A. I, II, and III are correct 

B. I and III are correct 

C. II and IV are correct 

D. Only III is correct 

2. Overuse of short-acting inhaled (3 2 _a g 0 nists has been 
associated with increased mortality from asthma. 
Which of the following are considered short-acting 
p 2 -agonists? 

A. Racemic epinephrine, formoterol, albuterol 

B. Formoterol, salmeterol, levalbuterol 

C. Albuterol, levalbuterol, salbutamol 

D. Formoterol, salmeterol, salbutamol, levalbuterol 

3. Which of the following is a true statement? 

I. Gastric pH is increased in neonates than in adults. 

II. Larger weight-based doses are sometimes required 
in pediatrics because ofa highervolume of distri¬ 
bution. 

III. Metabolic enzymes involved in metabolizing 
medications will reach close to adult values at 
1 year of age. 

IV. Disease States such as cystic fibrosis have unique 
pharmacokinetic characteristics that warrant 
different dosing regimens. 

A. I is correct 

B. II is correct 

C. III is correct 

D. I, II, and III are correct 

4. JF is a 15-year-old giri with mild persistent asthma who 
is being discharged from the hospital with a prescrip- 
tion of Advair (salmeterol/fluticasone). Which of the 
following is important to counsel the patient on before 
initiating treatment? 

I. Long-term use may lead to HPA axis suppression 

II. Rinse the mouth with water after each administra¬ 
tion 

III. Should not be used for acute symptoms of asthma 

A. I and II are correct 

B. II and III are correct 

C. Only III is correct 

D. All choices are correct 


5. Which of the following is a true statement regarding 
leukotriene modifiers? 

A. Zafirlukast prevents bronconstriction by antago- 
nizing leukotriene binding to the Cysl_T-| receptor. 

B. Theophylline and warfarin are contraindicated 
with zileuton. 

C. Leukotriene modifiers are efficacious in short- 
term control of mild persistent asthma in 
children. 

D. Zafirlukast should be administered with food to 
increase bioavailability. 

6. Which of the following is commonly used to increase 
mucociliary clearance in patients with bronchiolitis 
and cystic fibrosis by absorbing water from the sub- 
mucosa of the airway wall lining, which allows thick 
mucus to be expectorated more easily? 

A. A/-acetylcysteine 

B. Albuterol 

C. 3% hypertonic sodium chloride 

D. Dornase alpha 

7. JW, a 12-year-old boy with a history ofpoorly 
controlled asthma, presents to the emergency 
department in acute respiratory distress. Which 
ofthe following combinations of inhalation 
solution is safe to mix together in the nebulizer? 

I. Albuterol and ipratropium 

II. Hypertonic saline and cromolyn 

III. Levalbuterol and budesonide 

A. I and II are correct 

B. II and III are correct 

C. I and III is correct 

D. All choices are correct 

8. BM is a premature neonate born at 23 weeks with 
bronchopulmonary dysplasia who qualifies for immu- 
noprophylaxis of a lower respiratory tract infection. 

_is the monoclonal antibody indicated 

for immunoprophylaxis of premature infants for 
_respiratory virus. 

A. Omalizumab, metapneumovirus 

B. Dornase alfa, rotavirus 

C. Palivizumab, respiratory syncytial virus 

D. Cromolyn, herpes simplex virus 

9. Which ofthe following is a true statement? 

A. Drug absorption is the primary determinant for 
the rate of drug to be dispersed along the small 
intestine in infants and children. 

B. Patients requiring 3 or more canisters ofa short- 
acting 32 -agonist per month are at a higher risk 
of mortality from asthma as a result of tolerance 
and lessened bronchodilatory effects. 

C. The parenteral form of aztreonam contains 
lysine and should not be used for aerosolization 
because repeated exposure has been shown to 
cause airway inflammation. 

D. Hypertonic saline is a hydrating agent used as 
adjunctive therapy for pulmonary complications 
involving viscid mucus secretions. 
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10. Which of the following is the mechanism of action 

for amikacin? 

A. Inhibits DNA gyrase ofbacterial pathogens and 
promotes breakage ofbacterial DNA strains 

B. Binds to bacterial ribosomal subunits, which 
inhibits protein synthesis 

C. Disrupts protein synthesis through inhibition of 
messenger ribonucleic acid (mRNA) expression 

D. Inhibits oxidative phosphorylation of nucleo- 
tides and nucleic acids into RNA and DNA 
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LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 


1. Recognize clinical indications for heart and lung 

4. Identify the reasons for increased susceptibility of 

transplantation in childhood 

children after lung transplantation to respiratory 

2. Describe important respiratory complications after 

infections and their complications 

heart and lung transplantation 


3. Explain reasons why children can have more complications 


than adults after thoracic transplantation 


KEY TERMS 


Allograft rejection Congenital heart disease Heart transplantation 

Bronchiolitis obliterans Cystic fibrosis Lung transplantation 

Cardiomyopathy Heart-lung transplantation Pulmonary hypertension 


Thoracic organ transplantation dates back to the 1960s 
for the first heart transplant in South Africa, and for 
the first lung transplant in Mississippi. In each case, the 
recipients survived only a few weeks. Despite the develop- 
ment of improved surgical techniques for thoracic organ 
transplantation in the 1980s, it was not until effective 
immunosuppressive regimens became available that there 
was a significant increase in the number of thoracic organ 
transplantations (Figure 21-1). 1>2 


*This work was supported in part by Health Resources and Services 
Administration contract 234-2005-3701 IC. The content is the responsi- 
bility of the authors alone and does not necessarily reflect the views 
or policies of the Department of Health and Human Services, nor does 
mention of trade names, commercial products, or organizations imply 
endorsement by the U.S. Government. 


In 1982 and 1983, less than a dozen pediatric heart 
transplants were performed worldwide each year; by 1990, 
the number had increased to 325 and since then, the 
worldwide total has slowly increased to more than 500 by 
2010. 1,3 In contrast, fewer than 10 pediatric lung trans¬ 
plants were performed in 1986 through 1989. 1 Since 1991, 
the number of pediatric lung transplants worldwide has 
also increased and reached 126 in 2010, the vast majority 
of which were in the adolescent age group. 1,3 In sharp con¬ 
trast, heart-lung transplantation, which was employed 
for end-stage pulmonary disease because of the relative 
easy availability of heart-lung blocks, peaked in 1989 at 
61 pediatric transplants per year. 1 Since then, the number 
of pediatric heart-lung transplants has dwindled, reaching 
10 or fewer since 2007. 3 
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FIGURE 21-1 Relative volume of lung, heart, and heart-lung 
transplants performed in the United States from 1990 to 2010. 
(Data from http://optn.transplant.hrsa.gov.) 

With the advances in surgical technique pioneered by 
Cooper in Toronto in the 1980s, lung transplantation 
became the procedure of choice for most forms of end- 
stage lung disease. It is now rare to consider heart-lung 
transplantation for isolated pulmonary disease. 4 In the 
twenty-first century, heart transplantation is indicated 
for inoperable congenital heart defects or end-stage 
myocardial failure. Single or bilateral lung transplanta¬ 
tion is used for end-stage pulmonary and pulmonary 
vascular disease. Heart-lung transplantation is reserved 
for the infrequent circumstance of combined left ven- 
tricular heart failure with pulmonary disease or com¬ 
bined congenital defects of both the heart and lung 
(Table 21-1). 3,4 In 2010, fewer than 100 heart-lung tra¬ 
nsplants were performed worldwide, compared with 
3500 lung and nearly 4000 heart transplants in all ages 5 
Of the 74 heart-lung transplants performed around the 
world in 2010, only 7 were performed in individuals un¬ 
der the age of 18 years. 3,5 


TABLE 21-1 


Pediatric Thoracic Organ Transplantation: Primary 
Indications 

Transplant Type Clinical Indication 

Heart Cardiomyopathy 

Congenital heart disease 

Bilateral lung Cystic fibrosis 

Pulmonary hypertension 
Interstitial lung disease 
Pulmonary growth abnormalities 
Bronchiolitis obliterans 

Lung with heart repair Congenital heart disease with 
pulmonary hypertension but 
preserved left ventricular function 

Heart-lung End-stage lung disease with left 

ventricular failure 

Irreparable congenital heart disease 
with pulmonary hypertension or 
other intrinsic lung disease 



FIGURE 21-2 Number of children in the United States awaiting 
solid organ transplantation by organ type as of February 2013. 
(Data from http://optn.transplant.hrsa.gov.) 


Significandy fewer children wait for thoracic organ 
transplantation compared with those who wait for kidney 
or liver transplantation (Figure 21-2). Since the late 1990s, 
there has been a steady increase in the number of pediatric 
candidates for solid organ transplantation but until re¬ 
cently there has been no increase in the number of donors. 

In 2003 the Organ Donation Breakthrough Collaborative 
was formed under public auspices in the United States to 
enhance organ donation. 6 The average conversion rate—that 
is, the rate at which families of brain-dead individuals con- 
sent to organ donation—was 46% at that time. Examination 
of best practices suggested that 75% conversion rate was 
achievable and this goal was formally set in the final report 
of the Collaborative in September 2003. Since that time, 
there has been a significant increase in donors. 

In 2005 the Organ Transplantation Breakthrough Col¬ 
laborative was formed to increase the number of organs 
harvested from each donor. In the majority of donors 
historically, the liver and kidneys were deemed suitable for 
transplant, but only approximately 25% of the hearts and 
10% to 15% of the lungs were deemed healthy enough to be 
transplanted. Myocardial dysfunction is a common re- 
sponse to the dramatic events related to brain death. In 
most previously healthy donors, modern donor manage¬ 
ment, given enough time, results in return to near normal 
cardiac function in the vast majority. On the other hånd, 
lungs are often infected or atelectatic, injured during pro- 
longed intubation and ventilation, or unsuitable because 
of pulmonary edema, trauma, or aspiration. By the appli- 
cation of best practices, aggressive donor management can 
increase both heart and lung donation, although it may 
take longer to manage the donor until the time of recov- 
ery. 8,9 In addition, the number of abdominal organs can 
also be increased by this approach. 

It was the goal of the Collaboratives to extend the use 
of aggressive donor management protocols across the 
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United States to increase the yield of transplanted organs. 
One of the mandates of the Organ Transplantation Col- 
laborative was to treat every donor as a thoracic organ 
donor with early emphasis after declaration of brain death 
on evaluating and resuscitating the lungs and heart. 

Another innovative approach to the donor shortage has 
included the use of living donor lobar donation (LDLT) 
for lung transplantation (using a single lobe from two 
taller individuals, commonly but not always a parent or 
relative). 10 Starnes popularized this surgical approach in 
the 1990s. 10 In this approach, two healthy biologically re- 
lated or unrelated older and taller individuals donate a 
lower lobe to replace the recipients native lungs. Despite 
relative early success, peak volume of living donor lobar 
transplantation was in 1998 and 1999 with 29 recipients in 
the United States each year. From 2010 until the present, 
there has been no more than one reported LDLT surgery 
per year, according to data from the United NetWork for 
Organ Sharing (UNOS). 3,5 

Donation after cardiac death (DCD) has been a rare 
source of donor organs until recent years. 11 In this clinical 
scenario, physicians recommend discontinuation of life- 
sustaining therapy from a terminally ill patient. In some of 
these patients, especially if there has been a recent central 
nervous system injury, families sometimes ask about the 
possibility of organ and tissue donation. If circulatory 
arrest is anticipated within minutes of withdrawal of ven- 
tilatory support, organ donation may be possible. In that 
situation, the organ procurement center is contacted and 
recovery surgeons are notified and present in a nearby op¬ 
erating room at the time of extubation. If circulatory arrest 
occurs within 30 to 60 minutes, kidneys, livers and most 
recently lungs may be procured for transplantation. In 
2009, UNOS documented 33 lung transplants performed 
in the United States after DCD recovery (Figure 21-3). 12 
Rarely, infant heart transplantation has been performed in 
the DCD setting. 13 

For most children who undergo thoracic organ trans¬ 
plantation, quality of life returns to normal. 14,13 Within 
weeks after the operation, depending on their pretrans- 
plant nutritional and physical State, most patients are able 
to resume age-appropriate activities with improving exer- 
cise tolerance. Cardiac function is generally normal in 
heart transplant patients. 16 Gas exchange and pulmonary 
function rapidly return to near normal in the first months 
after lung transplantation. 14,15 Minor childhood illnesses 
appear to be well tolerated, although in its initial stage 
it is often difficult to ascertain whether a febrile illness 
represents a minor infection, graft rejection, or a life- 
threatening infection in the immunocompromised host. 
Somatic growth delay can be a problem, at least in part 
resulting from the administration of prednisone, which is 
continued lifelong in almost all lung and a subset of heart 
recipients. However, subsequent growth of the patient as 
well as of the allograft is possible, and it is unlikely that the 
subject will outgrow the transplanted organ. 1 
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FIGURE 21-3 Volume of kidney, liver, and lung transplants from 
donors after cardiac death from 2000 until 2009, demonstrating 
increasing volume in each organ. (Data from http://optn.transplant 
.hrsa.gov.) 


HEART TRANSPLANTATION 

In the 1980s the primary indication for heart transplanta¬ 
tion was cardiomyopathy. However, in more recent years 
the proportion of transplantations for congenital heart 
defects has been increasing (Table 21-2). 1 Congenital le¬ 
sions are the indication for heart transplantation in 40% of 
patients younger than 1 year, especially in the United 
States, but in only 25% of older children. 18 The operative 
approach in heart transplantation involves a sternotomy 
with surgical anastomoses to the venae cavae and aorta. 
Early postoperative mortality arises from graft failure and, 
less commonly, cardiac rhythm disorders. The newly de- 
nervated implanted heart often has an initial intrinsic 
rhythm too slow to produce an adequate cardiac output. 
Thus a temporary external pacemaker is attached to the 
heart at the end of each heart transplant operation. Infec- 
tious complications, graft rejection, and central nervous 
system hemorrhage or embolism occur with lower inci- 
dence. Early mortality rate after transplantation is higher 


TAB LE 21-2 


Indications for Heart Transplantation in North America 
by Age 


1 Year 1 -10 Years 11-17 Years 


Cardiomyopathy 

55% 

55% 

63% 

Congenital heart defects 

40% 

37% 

25% 

Other 

4% 

3% 

3% 

Retransplantation 

1% 

5% 

9% 


Modified from Benden C, Edwards LB, Kucheryavaya AY, et al. The reg- 
istry of the International Society for Heart and Lung Transplantation: 
fifteenth pediatric lung and heart-lung transplantation report—2012. 

J Heart Lung Transplant 2012;31:1087. 
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in younger children, as evidenced by the 25% 1-year mor- 
tality rate in recipients younger than 1 year, compared 
with 10% for the 11- to 18-year age group. 18 Late deaths are 
caused primarily by coronary vasculopathy (chronic rejec- 
tion). A small number of deaths in the early and late 
groups have been related to central nervous system com- 
plications such as stroke. The death rate from malignancy 
(primarily lymphoproliferative disease) increases over time 
and represents 10% of deaths after 5 years. 18 Other mor- 
bidities from heart transplantation include hypertension 
in approximately 40% of individuals, renal insufficiency in 
20%, and seizures in 25%. 19 ' 21 

A troublesome and life-limiting problem in long-term 
heart transplant survivors, regardless of age, is the devel- 
opment of premature coronary artery disease or coronary 
vasculopathy, also known as graft atherosclerosis} 8,19,21 This 
condition may be asymptomatic and may be discovered 
only at the time of surveillance coronary angiography, 
performed annually in most centers. In some patients the 
disease can be significant enough to cause myocardial 
ischemia and may contribute to arrhythmias or sudden 
death. There is general consensus that premature coro¬ 
nary artery disease is immunologically mediated as a 
manifestation of chronic graft rejection and therefore 
may decrease in prevalence with improvements in immu- 
nosuppressive regimens. 

Neonatal heart transplantation has been successful at 
some centers. This has been used almost exclusively for 
hypoplastic left-heart syndrome, which is uniformly fatal 
if surgical correction or transplantation is not offered. The 
current experience with either surgical correction (the 
Norwood procedure) or transplantation does not clearly 
indicate which is more appropriate to optimize survival. 20 
Although once considered promising, anencephalic in¬ 
fants have not proven to be suitable donors for other 
neonates. 22 Young infants are less sophisticated hosts by 
virtue of their relatively immature immune response and 
therefore might tolerate the immunological challenge of 
transplantation more readily than older subjects. In faet, 
many pediatric candidates younger than 18 months can 
receive hearts across the ABO group barriers with long- 
term success. The survival rate and duration of survival 
with good cardiac funetion appear to be the same for 
children as for adult heart transplant recipients. 18,21 

HEART-LUNG 

TRANSPLANTATION 

Before the surgical technique for successful lung trans¬ 
plantation was developed, heart-lung transplantation was 
offered for end-stage pulmonary disease. Heart-lung 
transplantation involves a sternotomy and surgical anas- 
tomoses of the trachea, superior and inferior venae cavae, 
and aorta and is a technically less challenging operation 
compared with lung transplantation. With the ability to 
successfully transplant a single lung or two lungs, the use 


of heart-lung transplantation for pulmonary disease has 
dramatically decreased. 1,3 There are multiple reasons for 
this, including the following: 

■ The limited availability of satisfactory coupled heart- 
lung donations from a single donor (governed in part 
by the distribution algorithm unique to each country) 

• The practical advantage of using the heart-lung block 
for three separate donations (one heart and two single 
lungs) 

• The decreased risk of cardiac rejection if isolated lung 
transplantation is performed 

• The decreased risk of premature coronary artery disease 

• The high demand for donor hearts by very ill heart 
transplant candidates with ventricular assist devices or 
artificial hearts in place. 

Despite concerns about the impact of right ventricular 
dysfunetion commonly associated with chronic pulmonary 
disease or severe pulmonary hypertension in the immediate 
postoperative period, improvement in right ventricular 
funetion with lung transplantation leads to good out- 
comes after recovery from surgery. 3,14 For patients with 
congenital heart defeets such as atrial septal defeet, ven¬ 
tricular septal defeet, or patent ductus arteriosus, as well as 
pulmonary hypertension from Eisenmenger syndrome, 
lung transplantation with repair of the congenital heart 
defeet is generally the procedure of choice. 23 

The volume of heart-lung transplantation has de¬ 
creased by more than half since the late 1990s, from a 
peak of 240 transplants per year in 1989 to fewer than 
100 per year in 2010. 1,3,5 The decrease in use of heart- 
lung transplantation has been most dramatic in the 
United States. 

LUNG TRANSPLANTATION 

A common and severe complication of lung transplanta¬ 
tion before 1983 was tracheal and bronchial anastomosis 
failure. When Cooper developed techniques to overcome 
this problem in the late 1980s, 2 single- and double-lung 
transplantation became the preferred options for adult 
patients with chronic pulmonary disease. Table 21-1 lists 
the diseases appropriate for bilateral lung transplantation. 
Single-lung transplantation now is rarely performed in 
children. Figure 21-4 shows the most common chronic 
lung diseases that, in children, lead to transplantation. 
Cystic fibrosis is the most common indication for bilateral 
lung transplantation, almost exclusively in children older 
than 6 years. 3 

Enthusiasm for lung transplantation has been tem- 
pered by a relatively low survival rate; the initial 1-year 
survival rate was only slightly more than 50%. This com- 
pares with early survival rates after heart-lung or double- 
lung transplants in patients with cystic fibrosis of 60% to 
70% at 1 year in the 1990s. 24,2 '’ As overall experience has 
inereased, survival after lung transplantation has im- 
proved; the most recent actuarial survival at 1 year after 
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□ CF 

□ PVD 

□ ILD/BO 

□ Other 


Birth-5yrs 6-11 yrs 12-17 yrs 

FIGURE 21-4 Frequency of primary diseases leading to lung transplantation in children by age. 
A, Diagnoses from birth through age 5 years. B, Diagnoses from birth through age 6 to 11 years. 
C, Diagnoses age 12 through 17 years. BO, Bronchiolitis obliterans; CF, cystic fibrosis; PVD, pulmonary 
vascular disease; ILD, interstitial lung disease; ReTxp, retransplantation. (Data from http://optn.trans- 
plant.hrsa.gov; and Benden C, Edwards LB, Kucheryavaya AY, et al. The registry of the International 
Society for Heart and Lung Transplantation: fifteenth pediatric lung and heart-lung transplantation 
report—201 2. J Heart Lung Transplant 201 2;31:1 087.) 


transplant is approximately 85%.'’ Longer term survival 
rates remain disappointing, however, with a 5-year survival 
in the most recent era less than 50%. Post-lung transplant 
survival rates have a long way to go to be comparable with 
the successes of kidney, heart, pancreas, and liver trans¬ 
plantation (Figure 21-5). 123 

Deaths within the first 90 days after lung transplanta¬ 
tion (early deaths) result most commonly from graft 
failure caused by ischemia-reperfusion injury. Less com- 
mon are surgical problems such as airway anastomotic 
dehiscence or massive hemorrhage. Even less common 
are overwhelming infection, either systemic or pulmo¬ 
nary; multiple organ failure; or acute graft rejection. 
Late deaths are generally related to infection or bron¬ 
chiolitis obliterans, usually a manifestation of chronic 
rejection. 4,5 

A particular concern in pediatric lung transplantation 
is the problem of donor-recipient size matching. In addi¬ 
tion to the problems of donor availability among all trans¬ 
plantation candidates, the thoracic dimensions of infants 



FIGURE 21-5 Five-year survival of patients younger than 18 years 
after kidney, liver, heart, and lung transplants in the United States. 
Because of the availability of renal dialysis, patient survival exceeds 
graft survival by more 20% at 5 years for kidney transplant recipi¬ 
ents. (Data from http://optn.transplant.hrsa.gov.) 


and small children add another obstacle, so that size- 
appropriate donors are even less commonly available than 
for adolescents or adults. 27 

A potential solution to this problem is reduced-size 
transplantation, often from a living donor (e.g., trans¬ 
planting an adult lower lobe to a pediatric patient to 
replace the recipient’s entire lung 28 ). Although initial at- 
tempts at living-related donation were disappointing, 
more recent experience suggests that LDLT can be success- 
ful with a 1-year survival of 60% to 80% with only minimal 
risk to the donor. 29 Therefore LDLT might, in theory, help 
overcome the obstacles of donor waiting time, size limita- 
tion, and organ availability for the urgently ill transplant 
candidate. The lung allocation score system, which took 
effect in the United States in 2005, now lists patients ac- 
cording to a computed score of urgency, reducing the need 
for LDLT. 30 

IMMUNOSUPPRESSIVE 

REGIMENS 

Although children commonly resume normal activity 
within weeks of transplantation, the medical regimen, in- 
cluding medications and testing, after thoracic transplan¬ 
tation is extensive, especially in the first year. In addition to 
an intense pharmacological program, there are frequent 
office visits, multiple biood tests, repeated radiographs, 
serial echocardiograms in heart recipients and, in most 
centers, surveillance biopsies. Even a minor illness can lead 
to hospitalization to rule out graft rejection or serious in¬ 
fection. With increasing time after transplantation and 
successful graft function, there are fewer impositions on 
the lives of the child and family. 

When children are referred to centers distant from their 
home communities, their families usually have to spend 
months before and often months after transplant in 
the transplant center community. There are considerable 
financial and psychosocial costs to this dislocation of chil¬ 
dren and parents from their homes. The transplant patient 
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trades one set of problems (the burdens of living with a 
terminal disease) for another (the long-term immunosup- 
pression and lifelong risk of potential life-threatening 
complications). Because the quality of life is dramatically 
better in most survivors, few families express regret after 
transplantation. 

Most immunosuppressive regimens for organ trans¬ 
plantations (thoracic and other solid organs) include 
the combined use of cyclosporine or tacrolimus, azathio- 
prine or mycophenolate mofetil, and prednisone. 3,18 
Tacrolimus and mycophenolate mofetil are now the most 
commonly used immunosuppressants and are generally 
needed for the life of the transplant recipient. 3 There has 
been an increasing trend to embrace a corticosteroid-free 
immunosuppressant program in pediatric heart trans¬ 
plant centers. 18 Many transplant cardiologists wean or 
attempt to discontinue prednisone within weeks to 
months after the transplantation. Because lung allografts 
are more susceptible to both acute and chronic rejection, 
immunosuppressant dosing is generally higher and more 
prolonged compared with that in heart transplant recipi¬ 
ents. Few lung transplant pulmonologists attempt to 
wean patients from prednisone; at most, some patients 
can be weaned to alternate-day dosing. 

COMPLICATIONS 

The complications of thoracic organ transplantation can 
be grouped into the following categories: 

Respiratory failure and related problems 
• Acute rejection 

Infection 

Chronic rejection or bronchiolitis obliterans 

Drug toxicity 

Other complications 

Respiratory Problems 

All thoracic transplantation patients arrive in the inten¬ 
sive care unit after transplantation and receive mechanical 
ventilatory support via endotracheal tube. Most well- 
conditioned heart transplant patients with good myocar- 
dial contractility in the immediate postoperative period 
can be weaned from mechanical ventilation within the 
first hours to days. The surgical incision and thoracostomy 
tubes will result in reduced thoracic compliance, and 
both deep inspiration and cough will likely be compro- 
mised. With the judicious use of intravenous analgesics, 
chest physiotherapy, and, occasionally, regional nerve 
block or epidural anesthesia, most heart transplant pa¬ 
tients, like their counterparts who undergo other cardiac 
surgical procedures, do well. With the increasingly com- 
mon use of left ventricular assist devices, there are a grow¬ 
ing number of severely deconditioned pediatric cardiac 
transplant recipients who may require longer periods 
of ventilator support. A subset of recipients experiences 
severe myocardial failure postoperatively. Extracorporeal 


membrane oxygenation or a ventricular assist device may 
be required with or without mechanical ventilatory sup¬ 
port for several days. With myocardial failure, some de- 
gree of pulmonary edema with reduced lung compliance 
occurs. These patients require aggressive intravenous car- 
diotonic and diuretic medications. Oxygen supplemen- 
tation is almost always needed in these patients. Under 
some circumstances, a relatively large heart graft that is 
placed in a smaller child may compress the intrathoracic 
airways, the left mainstem bronchus being particularly 
vulnerable to such compression. With compression, con- 
solidation with absent breath sounds over the left lower 
lobe or low-pitched expiratory wheezing with a variable 
degree of dyspnea may result. Bronchodilators, vigorous 
chest physiotherapy and noninvasive positive-pressure 
ventilation may be needed to maintain maximal airway 
patency, minimize atelectasis, and mobilize retained 
secretions. 

Heart-lung and lung transplant patients are more 
vulnerable to respiratory complications than are heart 
transplant patients. The thoracic incision is usually 
more extensive when lungs are transplanted. Allograft 
dysfunction after lung transplantation is common but 
highly variable. The delicate pulmonary capillary bed ap- 
pears to be more susceptible to ischemic injury than is 
the myocardium, liver, or kidney in the context of trans¬ 
plantation. So-called ischemia-reperfusion injury in the 
lung is manifested as pulmonary capillary leak. 

This reperfusion injury, which occurs in 10% to 20% of 
lung transplants, mimics the acute respiratory distress 
syndrome clinically and radiographically. On chest radiog- 
raphy, pulmonary edema, either immediately after trans¬ 
plantation or within the first 72 hours, is usually a sign 
of ischemic injury or reperfusion injury (Figure 21-6). 33,34 
Interruption of the pulmonary lymphatics, which are cut 
during the surgery, also contribute to pleural, alveolar, and 
interstitial fluid accumulation. Reperfusion injury, now 
called primary graft dysfunction, affects 5% to 25% of 
adult and pediatric lung transplant recipients with varying 
severity. 35 

Subacute respiratory failure requiring ventilatory sup¬ 
port for 1 to 2 weeks without severe parenchymal disease is 
seen in some patients who had significant preoperative 
hypercapnia. Respiratory control mechanisms may require 
many days to reset after lung or heart-lung transplanta¬ 
tion. 36 Keys to management are to avoid oversedation and 
to provide adequate nutrition and ventilatory support 
until weaning can be achieved. Noninvasive ventilatory 
support with bilevel positive airway pressure may help 
make the transition from the pretransplant hypercarbic 
State to the post-transplant normocarbic State. 

Significant bronchial obstruction may develop after 
lung or heart-lung transplantation because of stricture 
or dehiscence at or just beyond the sites of bronchial an- 
astomosis. Most airway complications will present within 
3 months of transplantation, and although a few can be 
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FIGURE 21-6 This chest radiograph demonstrates reperfu- 
sion injury Co the right lung immediately after double-lung 
transplantation in an 11-year-old giri with cystic fibrosis. There 
is a ground-glass haziness with air bronchograms over the right 
lung field. The Staples across the chest are external and used for 
surgical skin closure. There are surgical clips in each hilar region 
where the vascular anastomoses were performed. There is also 
an endotracheal tube, a nasogastric tube, a left subclavian vein 
catheter, a right internal jugular vein catheter, bilateral chest 
tubes, and surface electrodes. 

fatal if severe and early, most are treatable with broncho- 
scopic dilation, laser resection of granulation tissue, or the 
placement of airway stents. 37,38 

Organ Rejection 

The clinical signs and symptoms of organ rejection may 
be minimal or subtle. Acute rejection of the transplanted 
heart, if clinically apparent, results in decreased cardiac 
contractility with signs and symptoms of congestive heart 
failure. Tachycardia, tachypnea, and malaise may be noted. 
Echocardiography is the noninvasive diagnostic mode of 
choice to ascertain the physiological signs of cardiac rejec¬ 
tion. In the lung transplant patient, tachypnea, bibasilar 
inspiratory crackles on auscultation, increased intersti- 
tial infiltrates on chest radiography, and hypoxemia by 
pulse oximetry are often associated with acute rejection 
(Figure 21-7). For older patients who can perform spirom- 
etry, a drop in pulmonary function, either restrictive or 
obstructive, is often the most sensitive indicator of acute 
rejection. 

Many transplant centers perform routine surveillance 
biopsies of the transplanted tissue in an effort to identify 
and treat early rejection before permanent organ damage 
occurs 21,39 When clinically suspected, the diagnosis of re¬ 
jection is also usually confirmed by biopsy. 4,21 Endomyo- 
cardial biopsy by means of biopsy forceps passed through 
a vascular-accessed catheter is the method of choice in 
heart transplant patients. Flexible bronchoscopy with 
transbronchial biopsy in children and adolescents is used 
to obtain multiple pieces of tissue for histopathological 
examination in lung transplant patients. For infants and 



FIGURE 21-7 The same patient as in Figure 21-6, seen 3 weeks 
later during an episode of acute lung rejection. A large right pleural 
effusion obscures the right hemidiaphragm and the border of the 
right side of the heart. There is extensive increase in peribronchial 
markings in both lungs and a blunted left costophrenic angle. All 
chest tubes and the endotracheal tube have been removed. A right 
subclavian vein catheter has been added. 


young children, rigid bronchoscopy or open-lung biopsy 
may be required, although tiny biopsy forceps may allow 
biopsy through the flexible bronchoscope even in very 
small children. Most transplantation physicians are un- 
comfortable augmenting immunosuppression without 
tissue confirmation of graft rejection. 

Infection 

It can be difficult to separate rejection from infection, espe- 
cially on a clinical diagnostic basis, and in some cases they 
may coexist. 34 Although pulmonary infections are common 
because of the immunosuppression required with any solid 
organ transplant, the pulmonary infection rate for lung 
transplantation appears to be high. 39 This may be partially 
explained by the faet that the lung is the only solid organ 
that after transplantation is regularly in direct contact with 
the external environment and multiple potential patho- 
gens. Many pulmonary bacterial infections are readily iden- 
tified but often require bronchoalveolar lavage for accurate 
diagnosis and easily treated with antibiotics. Pulmonary 
viral infections are less frequent but more often fatal, espe- 
cially if cytomegalovirus is involved. 39 Fungal infections are 
particularly troublesome in terms of both accurate diagno¬ 
sis and treatment. Because the transplant patient with cys¬ 
tic fibrosis retains the native trachea and sinuses, there is a 
potential increase in infections from chronic colonization 
of the respiratory epithelia in the trachea and from frank 
infection within the paranasal sinuses. 40 This can be par¬ 
ticularly serious if the resident organisms have resistance 
to multiple antibiotics. 40,41 In faet, some centers consider 
infection with Pseudomonas species with no antibiotic sensi- 
tivity a contraindication to transplantation. 4 The highly 
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antibiotic-resistant Burkholderia cepacia complex organisms 
have been associated with significant morbidity and mor- 
tality in patients with cystic fibrosis. 39,40 These resistant 
organisms are found most often in the older patient with 
advanced lung disease, and this is the patient with cystic 
fibrosis who most likely needs transplantation. Of concern 
is the report that Burkholderia species can be particularly 
lethal to transplant patients with cystic fibrosis who ac- 
quire it after transplantation. 40 The role of antibiotic pro- 
phylaxis in patients with cystic fibrosis who undergo lung 
transplantation remains to be clarified. A common and 
potentially effective prophylaxis for transplant patients 
with cystic fibrosis involves inhaled antibiotics, usually an 
aminoglycoside such as tobramycin. 

Bronchiolitis Obliterans 

Bronchiolitis obliterans is unfortunately a common late 
complication in both heart-lung and lung transplant re¬ 
cipients. 4,5,31 The exact cause in an individual case is 
sometimes unknown, but it most likely represents the 
common pathway for different insults such as chronic 
rejection, infection, and aspiration. Bronchiolitis obliter¬ 
ans can be initially identified by a decrease in flow rates 
at low lung volumes during surveillance pulmonary 
function testing and can be confirmed sometimes by 
transbronchial biopsy but more defiinitively by open-lung 
biopsy. Because of the high frequency of false-negative 
transbronchial biopsies, most clinicians use the clinical 
definition of “bronchiolitis obliterans syndrome” for 
both diagnosis and treatment decisions. 44 In the majority 
of patients, bronchiolitis obliterans is a progressive dis¬ 
ease manifested by increasing dyspnea, increased cough- 
ing with sputum production, colonization or infection 
with Pseudomonas species, and eventual respiratory failure 
and death. A small minority of patients responds favor- 
ably to augmented immunosuppression, with reversal or 
stabilization of their airway dysfunction. Bronchiolitis 
obliterans remains a major obstacle to the success of lung 
and heart-lung transplantation. 

Drug Toxicity 

All immunosuppressive regimens place the patient at risk 
for infection. In addition, each arm of the regimen may 
cause other complications from side effects or drug toxic¬ 
ity. Cyclosporine and tacrolimus have the highest poten¬ 
tial toxicity. Hypertension and nephrotoxicity are most 
common, but, fortunately, are usually manageable. The 
major complication from both azathioprine and myco- 
phenolate mofetil is a decreased white biood cell count 
caused by bone marrow suppression, which usually im- 
proves with temporary discontinuation of the medicine or 
a decrease in dose. There may be more symptoms of gastro- 
intestinal disturbance with mycophenolate mofetil com- 
pared with azathioprine. Complications of prednisone are 
common in the immediate posttransplantation period 
when high doses are used, but complications lessen with 


decreasing doses after several months. Prednisone is usu¬ 
ally decreased to low daily doses (0.1 to 0.15 mg/kg/d) or 
to an alternate-day dosage Schedule by 1 year after trans¬ 
plant. Because of the combined effects of tacrolimus and 
prednisone, some patients become glucose intolerant, par¬ 
ticularly patients with cystic fibrosis, and may require 
long-term insulin therapy. 

Other Complications 

A broad Spectrum of other complications occurs less com- 
monly after transplantation. For patients receiving heart or 
heart-lung transplants, accelerated coronary artery disease 
is a potentially serious problem. 18,19,21 Like bronchiolitis 
obliterans, it is a form of chronic graft rejection and is us¬ 
ually progressive. Other potential complications include 
obstructive sleep apnea, cerebrovascular accidents, and as¬ 
piration of gastric contents. Epstein-Barr virus-related 
lymphoproliferative disease is a neoplastic disorder that 
occurs in relation to the intensity and duration of immu¬ 
nosuppression. The incidence in pediatric thoracic trans¬ 
plantation varies from 1% to 10%. 16,45 It may regress with 
decreased levels of immunosuppression and/or chemo- 
therapy but can occasionally progress to fatal malignancy. 
Other fairly common medical complications include gener- 
alized seizures, aggravated acne, and mild suppression of 
maximal exercise performance. Up to 25% of lung trans¬ 
plant recipients may experience unilateral vocal cord or 
hemidiaphragm paralysis, which may recover 3 to 6 months 
after transplant. Equally important are the psychosocial 
adjustments to the emotional “roller coaster” of thoracic 
organ transplantation. 46 Although almost all patients can 
benefit from extensive psychosocial support, occasionally 
some will require pharmacological assistance to deal with 
either anxiety or depression. 46,4 These psychological or 
psychiatric complications are quite common, and they are 
potentially serious. Nonadherence to the medical regimen 
is often fatal. The entire transplantation team must be alert 
for any psychological or psychiatric complications in the 
hope of either their prevention or their early detection and 
treatment. 

SURVI VAL AND QUALITY OF LIFE 

Survival after pediatric heart transplantation in the most 
recent era exceeds 60% at 10 years and has shown signifi¬ 
cant incremental improvement over time. 18 Survival after 
pediatric lung transplantation is less than 40% at 10 years 
in the most recent era and there seems to be detectable but 
less impressive improvement in survival over time. 3 On 
the other hånd, lung transplant recipients appear to 
have a higher functional status with more than 85% of 
survivors without any limitations, in contrast to approxi- 
mately 60% of heart transplant survivors. 3,18 Quality-of-life 
assessment in pediatric heart transplant recipients shows 
that overall health-related quality of life is lower than 
healthy peers but comparable to other chronic disease 
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groups. 48 Furthermore, a significant minority of these chil- 
dren have cognitive or behavioral issues. 49 There is less 
published information on the quality of life in pediatric 
lung transplant recipients. The authors’ experience is that 
significant disability or neurodevelopmental deficits are 
uncommon. There is ongoing research in our own center, 
which will be published in the near future. 

ROLE OF THE RESPIRATORY 
THERAPIST 

There are multiple areas of interaction between the respi- 
ratory therapist (RT) and the transplant patient. Care 
of the patient who undergoes thoracic transplantation 
always involves the teamwork of a variety of health care 
professionals. The child who receives a lung or heart-lung 
transplant is especially likely to require an RT on the team. 
Familiarity with the diseases leading to transplantation, as 
well as the transplantation process, will help the practi- 
tioner provide more comprehensive care to the patient as 
well as improve interaction with the health care team. The 
RT may already be familiar with the transplant candidate 
because of his/her role in providing routine care for the 
primary disease process, particularly for chronic pulmo- 
nary diseases such as cystic fibrosis. The RT may become a 
key contact with the transplant candidate in the initial 
evaluation process or during pulmonary function testing. 
After the patient has been accepted to the transplantation 
list, the RT may be involved in providing an exercise evalu¬ 
ation and rehabilitation program in an effort to optimize 
the patient’s condition while he or she is awaiting trans¬ 
plantation. Immediately after the transplantation proce¬ 
dure, the RT will be involved with the patient in the inten¬ 
sive care unit, primarily providing mechanical ventilatory 
support and maintenance of the artificial airway. Because 
of the temporary interruption of ciliary function, the RT 
may be asked to provide aerosolized bronchodilators, me¬ 
chanical aids to assist full inflation and cough, and bron- 
chopulmonary hygiene. For most patients, this therapy is 
not required on a long-term basis. Shortly after the patient 
is taken off mechanical ventilation, the RT may be in¬ 
volved in additional mucus clearance measures. Exercise 
and rehabilitation should be resumed as soon as possible 
after extubation. 

Over the intermediate and long-term posttransplant 
period, patients and families often forget the importance 
of bronchial denervation in masking symptoms of sig¬ 
nificant lower respiratory tract disease. Lung transplant 
recipients can develop airway obstruction related to pu- 
rulent bronchitis with surprisingly little cough. We have 
emphasized the importance of monitoring lung function 
at home as the single most sensitive indicator of lung 
health. We usually teach our lung transplant recipients 
how to use either the Flutter device (Cardinal Health, 
Dublin, OH) or the Acapella Vibratory PEP Therapy 
System (Smiths Medical ASD, Rockland, MA) as a tool 


to aid in cough with mucus clearance. Refresher sessions 
are important during the extended period of follow-up. 
Lastly, the RT may be involved in the transplant patient’s 
care by assisting with follow-up pulmonary function 
tests, instructing the patient in the use of home spirom- 
etry, and assisting with bronchoscopies. 


CASE STUDY 1 


An 18-month-old infant with a dilated cardiomyopathy under¬ 
goes heart transplantation, receiving a heart from a 3-year-old 
child weighing twice his weight. The early posttransplant re- 
covery goes well, and he weans from cardiac pressor agents 
and is extubated. He has a mediastinal drainage tube in place. 
As the respiratory therapist, you are called because the chest 
radiograph shows left lower lobe consolidation and ausculta- 
tion reveals a monophonic expiratory wheeze. Sa 02 is 95% on 
1 Ipm oxygen supplementation. There is a mild increase in 
work of breathing. 

Which intervention would you recommend? 

1. Reintubation with positive pressure breathing 

2. Nebulized albuterol 

3. Trial of nasal continuous positive airway pressure 

4. Urgent flexible bronchoscopy 

5. Chest computed tomography (CT) scan 


See Evolve Resources for answers. 


CASE STUDY 2 


A 16-year-old giri with cystic fibrosis and advanced lung 
disease undergoes a successful bilateral lung transplant. She 
is transferred out of the intensive care unit on the fourth 
postoperative day with two chest tubes with Sa 02 96% on 
room air. You are called into her room by her nurse because 
she is complaining of dyspnea and her Sac >2 is 79%. You note 
a significant air leak in one of the atria connected to the left 
chest tube. 

Which of the following is the correct action after calling 
for a physician? 

1. Clamp the chest tube. 

2. Administer oxygen by nonrebreather mask. 

3. Order an urgent chest radiograph. 

4. Urgent return to the operating room. 

5. Order a chest CT scan. 


See Evolve Resources for answers. 


KEY POINTS 

• Pediatric heart transplantation dates to the early 
1980s, whereas pediatric lung transplantation really 
began in the 1990s. 

• Heart-lung transplantations have dramatically decreased 
over the past two decades. 
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• Survival after transplantation is significantly longer with 
heart transplantation compared with lung transplanta¬ 
tion, which is related to the increased susceptibility of 
lung transplant recipients to both infection and allograft 
rejection. 

• Lung transplant recipients require higher doses of im- 
munosuppressant medications and have more frequent 
complications than heart transplant recipients. 

• The most common immunosuppressive agents in the 
current era are tacrolimus and mycophenolate. 

• Respiratory complications are common in thoracic organ 
transplant recipients and often require the input ofan 
informed, well-trained respiratory care practitioner. 


I ASSESSMENT QUESTIONS 

See Evolve Resources for the artswers. 

I 1. What is the frequency of transplantations performed 
in the pediatric age group, in order from most to least? 

A. Lung > heart-lung > heart 

B. Heart > heart-lung > lung 

C. Lung > heart > heart-lung 

D. Heart > lung > heart-lung 

2. What is the major reason why fewer lungs are 
transplanted per donor compared with heart 
transplants in childhood? 

A. There are fewer lung transplant candidates than 
heart transplant candidates in childhood. 

B. There are fewer lung transplant programs than 
heart transplant programs. 

C. The lungs are more likely than the heart to be 
injured or infected in the brain-dead donor. 

D. The size of lungs is less adaptable to children of 
different ages than is the size of the heart. 

3. What is the major medical problem in the immediate 
posttransplantation period for pediatric heart trans¬ 
plant patients? 

A. Graft failure 

B. Weaning patients from mechanical ventilatory 
support 

C. Cardiac arrhythmias 

D. Graft rejection 

4. What is the most common serious medical problem 
in the immediate posttransplantation period for 
pediatric lung transplant recipients? 

A. Graft failure 

B. Weaning patients from ventilator support 

C. Pneumonia from the donor 

D. Graft rejection 

5. For what condition is heart-lung transplant surgery 
most commonly performed in pediatric patients? 

A. Cystic fibrosis 

B. Pulmonary hypertension 

C. Infants with lung disease as a result of technical 
difficulties in isolated lung transplantation 

D. Pulmonary hypertension with congenital heart 
disease 


6. Donation after cardiac death most commonly has 
provided organs for: 

A. Heart transplantation 

B. Heart-lung transplantation 

C. Lung transplantation 

D. All of the above 

7. How long is immunosuppression used in lung, 
heart, and heart-lung transplantation? 

A. Only during the critical 6 months after 
transplantation; the patient is then weaned. 

B. Lifelong immunosuppression is needed. 

C. Lifelong only in lung and heart-lung 
transplantation because ofthe higher 
incidence of graft rejection. 

D. Lifelong only in heart and heart-lung 
transplantation because lung infections 
become a greater risk to survival after the 
first year because of immunosuppression. 

8. Among the most important risks for pulmonary 
complications after lung transplantation in children 
are all ofthe following except: 

A. Dangers of childhood vaccines 

B. Absence ofcough reflex because of interruption 
of the nerve supply to the transplanted lungs 

C. Immunosuppression 

D. Frequency of inevitable exposure to community 
respiratory viruses and other pathogens 

9. Organ rejection is: 

A. A problem only in lung and heart-lung 
transplantation 

B. A problem only in the critical first 6 months 
after thoracic transplants 

C. The most common cause of late death in heart 
and lung transplantation 

D. Receding as a common problem because 
of advances in early detection and better 
immunosuppression 

10. What is the role of the respiratory therapist in 
transplantation? 

A. Unimportant after isolated heart transplanta¬ 
tion because the native lungs are, by definition, 
healthy 

B. Important only in the postoperative period in 
heart, heart-lung, and lung transplantation, 
during the variable period of weaning from 
mechanical ventilatory support 

C. Needed with many intercurrent respiratory 
infections after lung or heart-lung transplantation 
because ofthe blunting ofthe cough reflex 

D. Critical in evaluating oxygen saturation trends 
for cardiologists who are unfamiliar with this 
technology 
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TABLE 22-1 


Neonatal Disorders That May Present as Respiratory Distress 


Condition Gestational Age History Examination 1 

Respiratory distress PT 

syndrome 


Transient tachypnea 

FT >PT d 

Often CS delivery 

Mild hypoxemia 
needing 40% O 2 

Meconium aspiration 

FT 

Meconium-stained 
liquor at 
resuscitation 
Post-maturity 

Meconium-stained 

baby 

Meconium in 
larynx 

Pneumothorax or 
pneumomediastinum 

FT >PT 

May be excessive re¬ 
suscitation at birth 


Massive pulmonary 

PT >FT 

Asphyxia or other 

Crepitations; 

hemorrhage 


cause of heart 
failure, bleeding 
tendency. Use of 
artificial surfactant 

usually marked 
pallor. Biood 
in larynx or in 
endotracheal 
tube. PDA after 
presentation 

After severe asphyxia 

FT 

Severe asphyxia 

Low Apgar 

Other features of 
asphyxia 
(pp. 485-486) 

Infection (pneumonia) 

Any 

May be helpful 

Rarely differenti- 
ates this from 
other causes of 
dyspnea 

Congenital 

malformations 

FT >PT 

Usually normal 
delivery 

May have been de- 
tected on antenatal 
ultrasound 

Rarely helpful 


Gases b 

Presentation 0 

<6h 6h 

Chest X-ray 

Comments 


+ + + 

N 

Diagnostic 

Working diagnosis in 
all preterm neo- 
nates unless chest 
radiograph suggests 
alternative. 

Always consider 
infection 


+ + + 

R 

Diagnostic 

Commonest cause of 
“breathlessness” in 
term babies. By 
definition, a mild 
disease 


+ + + 

+ + 

N 

R f 

Streaky 

Diagnostic 

Diagnosis obvious 
based on history 
Infection may coexist 


+ 

+ + + 

Unhelpful; 
usually a 
white-out 

Diagnosis based on 
clinical findings 

Marked metabolic 
acidemia 

+ + 

N 

Unhelpful 

Tachypnea driven by 
acidemia 

Often severe aci¬ 
demia and easy 
to reduce CO 2 
without increas- 
ing Pao 2 

+ + 

+ + + 

Unhelpful in 
most cases 
though may 
show patchy 
changes 

Impossible to exclude 
in any baby. This is 
the working diagno¬ 
sis in the absence of 
specific chest radio¬ 
graph findings in 
neonates >6 hours 
old with respiratory 
disease.WBC.CRP 
may be helpful 

May be profound 
hypoxemia with 
raised CO 2 

+ + + 

+ 

Virtually always 
diagnostic 

Diaphragmatic her- 
nia, cysts, effusions, 
agenesis all present 
this way. TOF 
should not present 
this way 
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Box 22-1 

Incidence of RDS by Birth Weight 

Birth Weight (g) 

Incidence of RDS 

501-750 

71% 

751-1000 

55% 

1001-1250 

37% 

1251-1500 

23% 

From Fanaroff AA, 

Stoll BJ, Wright LL, et al. Trends in neonatal 

morbidity and mortality for very low birth weight infants. Am J Obst 

Gynecol 2007;196:147.el. 


with the extremely compliant chest wall of the preterm 
infant, this leads to a reduction in alveolar recruitment 

(known as atelectasis). This condition is characterized by 
decreased functional residual capacity (FRC), decreased 
pulmonary compliance, increased pulmonary resistance, 
and ventilation-perfusion mismatch. 13 

The resulting hypoxia, hypercapnia, and respiratory aci- 
dosis constrict the pulmonary arteries and reduce pulmo¬ 
nary biood flow. This results in damage to the cells lining the 
alveoli. 14 The pulmonary hypertension can lead to increased 
right-to-left shunting through a patent ductus arteriosus 
(PDA) and the foramen ovale (extrapulmonary), as well as 
within the lung itself (intrapulmonary). 1 '' Shunting of biood 
results in greater hypoxemia and possibly metabolic acidosis, 
which increases the pulmonary vascular resistance (PVR) 
even more. This vicious cycle continues and may even lead to 
further suppression of surfactant synthesis. 

Other pathophysiological processes that contribute to 
the clinical picture include poor gas exchange secondary to 
inadequate surface area, compliant chest wall that reduces 
effectiveness of ventilation, thickened alveolar-capillary 
membrane and insufficient vascularization, and poor clear- 
ance of lung fluid that can result in pulmonary edema. 16 

Though rare, genetic disorders of surfactant proteins may 
contribute to RDS. Abnormalities in surfactant protein B and 
C genes as well as a gene responsible for transporting surfac¬ 
tant across membranes (ABC transporter 3 [ABCA3]) 17 are 
associated with severe and often lethal familial respiratory 
disease. Other familial causes include alveolar capillary dys- 
plasia, acinar dysplasia, pulmonary lymphangiectasia, and 
mucopolysaccharidosis. These rare genetic forms lead to 
neonatal respiratory distress (not RDS) and are not associ¬ 
ated with premature birth and can occur in full-term babies. 18 

Chronic stress seems to protect infants at risk for the 
development of RDS by stimulating surfactant synthesis. 
Conditions associated with chronic stress including 
maternal heroin addiction, maternal toxemia, and PROM 
for a duration of more than 18 hours preceding birth. His- 
tological chorioamnionitis was associated with a decreased 
incidence of RDS, and in experimental models, bacterial 
endotoxin or the proinflammatory cytokine IL-1 induces 
lung maturation when given by intra-amniotic injection. 19 
Fetal proinflammatory exposures induce striking increases 
in surfactant and improvements in postnatal lung func- 
tion after preterm delivery of lambs without increasing 
fetal cortisol levels. 20 


Clinical Presentation and Diagnosis 
Clinical Presentation 

A constant feature of RDS is the early onset of clinical 
signs of the disease. Most infants present with signs and 
symptoms either in the delivery room or within the first 
6 hours after birth. 2 Infants with RDS are usually preterm 
and exhibit tachypnea or labored breathing, or both. 
A decrease in the respiratory rate may indicate impending 
respiratory failure. A characteristic grunt during expira- 
tion (which is an attempt to maintain the FRC) and nasal 
flaring are also present. 22 Intercostal and subcostal retrac- 
tions are apparent and occur when the negative intratho- 
racic inspiratory pressures distort the chest wall instead 
of inflating the stiff lungs. The retractions may have a 
“see-saw” appearance, with the abdomen protruding as the 
chest pulis in. Infants often look distressed, and the very 
premature infant may be hypotonic and unresponsive. 
Chest auscultation reveals diminished air in the alveoli in 
spite of the increased work of breathing. 

Without stabilization of the alveoli, infants with RDS 
have increasing cyanosis that is relatively unresponsive to 
oxygen therapy. Larger infants may need minimal oxygen 
initially but require more as atelectasis becomes progressively 
worse. Some may have decreased oxygen requirements as 
acidosis and hypothermia (a result of delivery) are corrected 
but then have an increased need after 3 to 6 hours of life. 

Investigations 

1. Arterial biood gas (ABG) analysis: reveals moderate to 
severe hypoxemia, varying degrees of hypercapnia, and 
mixed acidosis (as a result of respiratory failure and 
lactic acid accumulation). The partial arterial carbon 
dioxide pressure (Paco 2 ) may initially be normal or low, 
but as the work of breathing increases and the infant 
begins to fail, there is resulting hypercapnia. 

2. Chest X-ray (CXR): typically reveals diffuse, fine, granular 
(reticulogranular) densities, which give a ground-glass ap¬ 
pearance. The heart may be slightly enlarged, and the thy- 
mus is nearly always present radiographically. The appear¬ 
ance of the CXR in RDS can be described as stages 
representing increasing severity of the disease (Figure 22-1). 
The disease may progress from one stage to the next, but 
the severity of the disease is initially described as the stage 
of RDS on the first chest film. 2 

3. Lecithin-to-sphingomyelin ratio (L:S) introduced by 
Gluck and associates in 1971 remains the standard test 
against which other tests are compared. 24 Lecithin, also 
known as dipalmitoylphosphatidylcholine, is the most 
abundant phospholipid found in surfactant. RDS is 
unlikely if the L:S ratio is 2.0 or greater. 2 The L:S ratio 
is unreliable in pregnancies characterized by diabetes 
and Rh isoimmunization.- 

4. Levels of phosphatidylglycerol (PG), the second most 
abundant phospholipid in surfactant, increase toward 
term. The presence of PG in amniotic fluid indicates 
a low risk for RDS. A patient with an L:S ratio less than 
2 and a lack of PG, has more than 80% risk of RDS. 26 
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FIGURE 22-1 The images shown here were obtained from various premature infants of the twenty- 
fifth to the twenty-ninth weeks of gestational age. A, Stage I RDS with fine, diffuse reticulogranular 
pattern over the lung fields. B, Stage II RDS reveals a denser lung, with the presence of air bronchograms 
within the heart border. C, Stage III RDS shows increased density and the presence of air bronchograms 
beyond the heart border. D, Stage IV RDS, termed “whiteout,” infant with severe disease complicated 
by pulmonary edema. The view of the heart border and edge of the diaphragm is obliterated. (From 
Paetzel M. Respiratory distress syndrome (grade 1-4) of the premature and newborn. Available at: http://www 
,radiologyteacher.com/index.cgi?&nav=view&DatlD = 1 27. Accessed January 1, 2013.) 


S. The foam stability test (shake test) done by mixing amni- 
otic fluid with different volumes of 95% ethanol. When 
this mixture is shaken with air, a foam develops that can 
be seen for several hours at room temperature. If no sur- 
factant is present, the foam will not appear or will appear 
only briefly, indicating the strong possibility of imma- 
ture lungs. This test is not as specific as a low L:S ratio. 2 

Prevention 

1. Prevention of prematurity: Because RDS is associated 
with incomplete development of the lung at birth, the 
first line of treatment is prevention. Avoidance of 
unnecessary or poorly timed elective cesarean section, 
appropriate management of high-risk pregnancy and 
labor, and prediction of pulmonary immaturity with 
possible in utero acceleration of maturation are im- 
portant preventive strategies. 

2. Prevention of fetal/neonatal asphyxia: Since asphyxia is 
associated with an increased incidence and severity of 
RDS, antenatal and intrapartum fetal monitoring may 
similarly decrease the risk of fetal asphyxia. Compli- 
ance with consensus neonatal resuscitation techniques 
outlined by the American Academy of Pediatrics and 
American Heart Association is critical. 28 

3. Antenatal steroid therapy: Clinical trials have shown 
that maternal corticosteroid treatments decrease the 
incidence of RDS by about 50%, and the infants who 
do develop RDS tend to have less severe disease. 22 


Antenatal steroids also reduce (1) the need for and 
duration of ventilatory support and admission to a neo¬ 
natal intensive care unit (NICU) and (2) the incidence of 
severe intraventricular hemorrhage (IVH), necrotizing 
enterocolitis (NEC), early-onset sepsis, and developmen- 
tal delay. Postnatal growth is not adversely affected. An¬ 
tenatal steroids do not increase the risk of maternal 
death, chorioamnionitis, or puerperal sepsis. 30 
Guidelines for antenatal steroid usage have been pro- 
duced by the Royal College of Obstetricians and Gynaecol- 
ogists, 31 the British Association of Perinatal Medicine, 32 
and the U.S. National Institutes of Health. 33 Their recom- 
mendations include the following: 

• Antenatal treatment with corticosteroids should be con- 
sidered for all women at risk of preterm labor between 
24 and 36 weeks. Treatment should consist of two doses 
of betamethasone given intramuscularly 24 hours apart 
or four doses of dexamethasone given 12 hours apart. 
Betamethasone, however, is now preferred because it was 
associated with a lower risk of periventricular leukoma- 
lacia (PVL) in an observational study. 34 Moreover, In a 
nonrandomized comparison, betamethasone compared 
with dexamethasone was associated with lower rates of 
RDS and bronchopulmonary dysplasia (BPD). 35 

• Treatment for less than 24 hours is associated with 
significant improvement in outcome; thus, corticoste¬ 
roids should be given unless immediate delivery is 
anticipated. 
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In the absence of chorioamnionitis, antenatal cortico- 
steroids are recommended in pregnancies complicated 
by PROM. 

Unless there is evidence that corticosteroids will have an 
adverse effect on the mother, they are also recom¬ 
mended in other complicated pregnancies. 

Treatment 

The keys to the management of infants with RDS are as 
follows 36 : 

1. To prevent hypoxemia and acidosis (this allows normal 
tissue metabolism, optimizes surfactant production, 
and prevents right-to-left shunting) 

2. To optimize fluid management (avoiding hypovolemia 
and shock, on the one hånd, and edema, particularly 
pulmonary edema, on the other) 

3. To reduce metabolic demands 

4. To prevent worsening atelectasis and pulmonary edema 

5. To minimize oxidant lung injury 

6. To minimize lung injury caused by mechanical ventilation 

Surfactant Replacement 

Current recommendations based on American Association 
for Respiratory Care (AARC) clinical practice guidelines for 
surfactant replacement therapy are detailed in Box 22-2. 

Types of Surfactants. Several types of surfactant 
preparations are licensed for use in babies with RDS 
(Table 22-2). Exogenous lung surfactant can be either 
natural or synthetic. Both forms of surfactants are effec- 
tive at reducing the severity of RDS; however, compara- 
tive trials demonstrate greater early improvement in the 
requirement for ventilatory support and fewer pneumo- 
thoraces associated with natural surfactant extract treat¬ 
ment. On clinical grounds, natural surfactant extracts 
would seem to be the more desirable choice. 3 

Timing of Administration. In the era of noninvasive 
respiratory support, every effort is made to minimize expo- 
sure to sustained mechanical ventilation and supplemental 
oxygen. Two basic strategies for surfactant replacement have 
emerged: prophylactic or preventive treatment, in which sur¬ 
factant is administered at the time of birth or shortly there- 
after to infants who are at high risk for developing RDS; 
and rescue or therapeutic treatment, in which surfactant is 


Current Guidelines for the Use 
of Surfactant in Neonatal RDS 
(Evidence-based ) 

1. Administration of surfactant replacement therapy is 
strongly recommended in a clinical setting where properly 
trained personnel and equipment for intubation and 
resuscitation are readily available. (1A) 

2. Prophylactic surfactant administration is recommended 
for neonatal respiratory distress syndrome (RDS) in 
which surfactant deficiency is suspected. (1 B) 

3. Rescue or therapeutic administration of surfactant after 
the initiation of mechanical ventilation in infants with 
clinically confirmed RDS is strongly recommended. (1A) 

4. A multiple surfactant dose strategy is recommended over 
a single dose strategy. (1 B) 

5. Natural exogenous surfactant preparations are recom¬ 
mended over laboratory-derived synthetic suspensions at 
this time. (1 B) 

6. We suggest that aerosolized delivery of surfactant not be 
utilized at this time. (1 B) 

From Walsh BK, Daigle B, Diblasi RM, Restrepo RD. AARC Clinical 

practice guideline. Surfactant replacement therapy: 2013. Respir Care 

2013;58(2):367. 


administered after the initiation of mechanical ventilation in 
infants with clinically confirmed RDS. 38 

Prophylactic surfactant administration to infants at risk 
of developing RDS is associated with lower risk of air leak 
and mortality, compared to selective use of surfactant in 
infants with established RDS. 3 '’ Surfactant administration 
with brief lung-protective ventilation (followed by extuba- 
tion to nasal continuous positive airway pressure) for pre- 
mature infants at risk for developing RDS is associated 
with a lower incidence of mechanical ventilation, air leak 
syndromes, and chronic lung disease, compared to selective 
surfactant and continued mechanical ventilation. 40 

Methods of Administration. The surfactant prepara- 
tion is delivered over a period of a few seconds via the endo- 
tracheal tube (ETT), usually through a feeding tube that has 
been cut to an appropriate length to be at a level just above 
the carina. The peripheral dispersion of surfactant into 
the terminal airways is facilitated by intermittent positive- 
pressure ventilation (IPPV), either manually or using the 
ventilator. 


Box 22-2 


TABLE 22-2 


Currently Available Surfactants 



Trade Name 

Source 

Manufacturer 

Dose 

Surfactant Protein B 

Poractant alfa 

Curosurf 

Porcine 

Chiesi 

Farmaceutici 

100-200 mg/kg/dose 
(1.25-2.5 mL/kg) 

0.45 

Calfactant 

Infasurf 

Bovine 

O ny 

105 mg/kg/dose 
(3 mL/kg) 

0.26 

Beractant 

Survanta 

Bovine 

Abbott 

Laboratories 

100 mg/kg/dose 
(4 mL/kg) 

<1 

Lucinactant 

Surfaxin 

Synthetic 

Discovery Labs 

5.8 mL/kg 

KL, 


From Walsh BK, Daigle B, Diblasi RM, Restrepo RD. AARC clinical practice guideline. Surfactant replacement therapy: 2013. Respir Care 
2013;58(2):367. 
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Five methods of surfactant administration without in- 
tubation have been employed with varying success. These 
include antenatal intra-amniotic instillation, 41 pharyngeal 
instillation, 42 laryngeal mask instillation, 43 direct tracheal 
instillation without intubation, 44 and surfactant nebuliza- 
tion. 45 However, whether these methods really influence 
short- and long-term respiratory outcome remains to be 
proven in well-designed randomized, controlled trials. 

Complications. Procedural complications resulting 
from the administration of surfactant include: plugging of 
ETT by surfactant, desaturation and increased need for 
supplemental 0 2 , bradycardia due to hypoxia, tachycardia 
due to agitation, 46 pharyngeal deposition of surfactant, ad¬ 
ministration of surfactant to only one lung (ie, right main- 
stem intubation) and administration of suboptimal dose. 3 

Physiologic complications of surfactant replacement 
therapy include: apnea, pulmonary hemorrhage from right 
to left shunting, 47 increased necessity for treatment for 
PDA and volutrauma resulting from increase in lung com- 
pliance following surfactant replacement with failure to 
change ventilator settings. 48,3/ 

Oxygen Therapy 

Oxygen therapy begins with delivery of oxygen via an oxy¬ 
gen hood in an attempt to maintain the partial arterial 
oxygen pressure (Pao 2 ) between 50 and 80 mm Hg, Paco 2 in 
the 40 to 55 mm Hg range, and pH at least 7.25. The oxy¬ 
gen is warmed, humidified, and delivered through an air¬ 
oxygen blender that allows precise control over the oxygen 
concentration. 36,49 The fraction of inspired oxygen (Fio 2 ) 
may be increased in increments of 0.1 and oxygenation 
assessed by means of either ABG analysis or pulse oximetry 
until the appropriate oxygen level is obtained. Use of the 
oxygen hood as an initial therapy for mild respiratory dis¬ 
tress symptoms should be reserved for those larger infants 
who require above ambient Fio 2 . When applying oxygen 
therapy, care should be taken to minimize the Fio 2 to no 
more than necessary. Current evidence has reinforced the 
potential for oxygen to contribute to lung damage, BPD, 
and retinopathy of prematurity (ROP). S0 

Continuous Positive Airway Pressure 
(CPAP) 

If oxygen saturation cannot be kept more than 85% at Fio 2 
of 40% to 70% or greater, CPAP via nasal prongs or 
nasopharyngeal tube using a continuous-flow ventilator 
may be instituted. 3 Simpler CPAP delivery using tubing 
submerged in sterile water to deliver the desired CPAP 
pressure (“bubble” CPAP) is also used and may have some 
benefits over use of a continuous-flow ventilator 31 (CPAP; 
see Chapter 20). 

A CPAP of 4 to 6 cm H 2 0 is the usual starting point in 
these infants, then adjusting the pressure in increments of 
1 to 2 cm H 2 0 to a maximum of 8 cm H 2 0, observing the 
baby’s respiratory rate and effort as well as monitoring 
oxygen saturation. A nasogastric tube is always placed to 
decompress swallowed air. As the infant improves, begin 


by reducing the Fio 2 in decrements of 0.05 to maintain the 
targeted oxygen saturation. Generally, when Fio 2 is less 
than 0.30, CPAP can be reduced to 5 cm H 2 0, after oxygen 
saturation. Physical examination will provide evidence of 
respiratory effort during weaning, and CXR may help esti- 
mate lung volume. Lowering of the distending pressure 
should be attempted with caution if the lung volumes 
appear low and alveolar atelectasis persists. CPAP generally 
could be discontinued if there is no distress and the Fio 2 
remains less than 0.3. 36 

Early nasal CPAP (NCPAP) in preterm newborn of 28 to 
32 weeks of gestation can reduce the need for intubation.’ 2 
Stabilization of the alveoli in this gestational age may 
allow surfactant production to occur without further in¬ 
tervention. During this time, if the infant requires an Fio 2 
of more than 0.40 on NCPAP, it is an indication for intu¬ 
bation and exogenous surfactant treatment. Treatment of 
the very low birth weight (VLBW) infant (weighing less 
than 1500 g) is often more assertive. In the current patient 
care protocols, early stabilization on CPAP with selective 
surfactant administration to infants requiring intubation 
improves clinical outcome in the form of reducing the need 
for prolonged intubation and mechanical ventilation, S3 ' 54 
lower risk of pneumothorax, pulmonary interstitial emphy- 
sema (PIE), and mortality 39 (see Chapter 14). 

Mechanical Ventilation 

Classic indications for endotracheal intubation and me¬ 
chanical ventilation are infants with respiratory failure or 
persistent apnea. Reasonable measures of respiratory fail¬ 
ure are (1) arterial biood pH less than 7.20, (2) Paco 2 of 
60 mm Hg or higher, and (3) oxygen saturation less than 
85% at oxygen concentrations of 40% to 70% and CPAP of 
5 to 10 cm H 2 0. 3 

In the extremely low birth weight (ELBW) infant 
(weighing less than 1000 g), intubation and positive-pressure 
ventilation (PPV) may be necessary immediately after birth. 

Generally, once the infant is stabilized and in the NICU, 
a pressure-limited ventilator using a sinusoidal flow pattern 
is used. Peak inspiratory pressures (PIPs) generally adjusted 
at 15 to 25 cm H 2 0, depending on the size of the infant and 
the severity of the disease, to establish a tidal volume (Vt) 
between 3 and 5 ml/kg. Positive end-expiratory pressure 
(PEEP) levels of 3 to 6 cm H 2 0 are used to prevent further 
alveolar collapse, and rates of 20 to 50 breaths per minute 
are used to treat hypercapnia. Inspiratory times (Ti) should 
be initiated at 0.3 to 0.4 second. If a longer Ti is required 
before surfactant administration, it should be lowered to 
0.3 second after surfactant is administered. 

Most ventilators today use pressure and flow measure- 
ments to produce real-time pulmonary function data. These 
numeric data and graphical displays can be used to correct 
Vt to optimize ventilation parameters and pulmonary 
mechanical parameters. 33 Ventilator modes such as synchro- 
nized intermittent mandatory ventilation (SIMV) or assist- 
control modes can reduce work of breathing and biood 
pressure fluctuations if sensitivities are set properly. 56 Modes 
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that maintain a consistent Vt, reduce the risk of volu- 
trauma (damage to the lung caused by overdistention by a 
mechanical ventilator set for an excessively high Vt) particu- 
larly after the administration of surfactant (see Chapter 17). 
High-frequency ventilation (HFV) may be indicated in in¬ 
fants who cannot be ventilated with the usually effective 
Fio 2 levels, ventilator pressures, and rates (see Chapter 16). 

Supportive Care and Monitoring 

The general principles for supportive care of any prema- 
ture infant should be followed, taking into consideration 
that treatment of acidosis, hypoxia, hypotension, and hy- 
pothermia might decrease the severity of RDS. 

Use of an incubator is preferable to radiant warmer in 
VLBW infants because of the high insensible water losses 
associated with radiant heat. Calories and fluids should 
initially be provided intravenously. Excessive fluids (more 
than 140 ml/kg/day) might contribute to the development 
of patent ductus arteriosus and BPD. 

Therapy requires careful and frequent monitoring of 
heart and respiratory rates, oxygen saturation, ABG status, 
serum electrolytes, glucose, hematocrit, biood pressure, 
and temperature. Analysis of continuous inline arterial 
biood gases and electrolytes has been introduced in NICUs. 
This promising technology offers advantages over inter- 
mittent sampling: less handling of the critically ill patient 
and continuous evaluation of therapeutic maneuvers. 5 ' 
Transcutaneous oxygen and C0 2 monitors, end-tidal C0 2 , 
pulse oximetry, cardiopulmonary monitors, and Doppler 
flow studies can be used as noninvasive tools to monitor 
the infant’s progress. 

Routine daily CXR may be useful in managing the 
VLBW infant who is mechanically ventilated. Abnormali- 
ties ranging from malposition of the ETT to PIE can occur 
from one minute to the next. 58 

Complications and Prognosis 

In milder cases the signs and symptoms reach a peak 
within 72 hours, followed by gradual improvement. Spon- 
taneous diuresis and an increased ability to oxygenate the 
infant are the first signs of improvement. 

Severely affected infants may die, usually between days 
2 and 7, with death most often associated with pulmonary 
interstitial emphysema, pneumothorax, or IVH. Extremely 
premature infants (23 to 25 weeks of gestation) may have 
an initial “honeymoon” period in which the patient has 
stable ventilator settings but will exhibit increased oxygen 
and ventilator demands as time progresses. These ELBW 
infants not only have immature lungs but their extreme 
prematurity also presents challenges because metabolic 
and cardiac functions are affe^edC 1 

Changes in perinatal care, such as the use of antenatal 
steroids, exogenous surfactant administration, early NCPAP, 
and lung protective strategies of mechanical ventilation 
(patient-triggered modalities, volume-controlled modes, 
and high-frequency oscillatory ventilation), have led to 


improvement in survival and outcomes of infants with RDS 
over the past 30 years. 60 

The clinical outcome in preterm infants surviving RDS 
is often associated with chronic lung disease in the form 
of BPD, reactive airway disease, and an increase in and 
vulnerability to respiratory disorders. 61 Often pulmonary 
function testing demonstrates increased pulmonary resis- 
tance and work of breathing as well as decreased lung 
compliance and a tendency toward oxygen desaturation. 62 
Other complications encountered include IVH, ROP, 
infection, air leaks, and NEC. 

BRONCHOPULMONARY 

DYSPLASIA 

Definitions 

Classic bronchopulmonary dysplasia (BPD) was first 
described by Northway et al. in 1967 as a severe chronic 
lung injury in premature infants who survived hyaline 
membrane disease after treatment with mechanical venti¬ 
lation and oxygen.' 31 

In 2001, a workshop conducted by the National Insti¬ 
tutes of Health (NIH) 64 proposed a definition that divides 
BPD into three categories based on the duration and level 
of oxygen therapy required (Table 22-3). Also, the criteria 
for administering supplemental oxygen can greatly affect 
the reported incidence of BPD. A physiological test to 
standardize the need for supplemental oxygen has been 
proposed as a way of reducing the variability in diagnostic 
criteria, with arterial oxygen saturation (Sao 2 ) less 90% 
considered as the cutoff at which supplemental 0 2 is 
required. 65 

Chronic lung disease (CLD) has been used as the diag¬ 
nosis for all babies who are oxygen dependent beyond 
28 days of age with an abnormal CXR. On the basis of the 
clinical course and CXR appearance, some identify distinet 
forms of CLD, such as Wilson-Mikity syndrome and 
chronic pulmonary insufficiency of prematurity, which 
will be discussed later. Currently, following the NIH con- 
sensus, BPD rather than CLD is used as the umbrella term 
for all oxygen-dependent babies, because it better distin- 
guishes the neonatal lung process from the CLDs seen in 
later life. 64 

The classic progressive stages of disease first described 
by Northway et al. are less common, and the severe form of 
the disease is often absent now and has been replaced by a 
milder form of chronic lung damage referred to as atypi- 
cal or new bronchopulmonary dysplasia . 66 In contrast 
with the past, the “new BPD” often develops in preterm 
newborns who may have required minimal or even no 
ventilator support and relatively low Fio 2 during the early 
postnatal days. 67 

It is not uncommon for very prematurely born babies 
who have had no acute respiratory illness to develop 
chronic pulmonary illness. These forms of chronic lung 
diseases include Wilson-Mikity syndrome and chronic 
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TABLE 22-3 


Definition of Bronchopulmonary Dysplasia: Diagnostic Criteria 

Gestational Age 


<32 weeks >32 weeks 


Time point of assessment 

36 weeks PMA or discharge to home, whichever 
comes first 

Treatment with oxygen comes first 

>28 days but <56 days postnatal age or 
discharge to home, whichever comes first 

Mild BPD 

Breathing room air at 36 weeks PMA or discharge, 
whichever comes first 

Breathing room air by 56 days postnatal age 
or discharge, whichever comes first 

Moderate BPD 

Need* for >30% oxygen and/or positive pressure, 
(PPV or NCPAP) at 36 weeks PMA or discharge, 
whichever comes first 

Need* for >30% oxygen and/or positive pres¬ 
sure age or discharge, whichever comes first 

Severe BPD 

Need* for 30% oxygen and/or positive pressure, 

(PPV or NCPAP) at 36 weeks PMA or discharge, 
whichever comes first 

Need* for 30% oxygen and/or positive pres¬ 
sure (PPV or NCPAP) at 56 days postnatal 
age or discharge, whichever comes first 


BPD, Bronchopulmonary dysplasia; NCPAP, nasal continuous positive airway pressure; PMA, postmenstrual age; PPV, positive-pressure ventilation. 
*A physiological test confirming that the oxygen requirement at the assessment time point remains to be defined. This assessment may include a 
pulse oximetry saturation range. BPD usually develops in neonates being treated with oxygen and positive pressure ventilation for respiratory failure, 
most commonly respiratory distress syndrome. Persistence of clinical features of respiratory disease (tachypnea, retractions, rales) is considered com- 
mon to the broad description of BPD and has not been included in the diagnostic criteria describing the severity of BPD. Infants treated with oxygen 
>21% and/or positive pressure for non-respiratory disease (e.g., central apnea or diaphragmatic paralysis) do not have BPD unless they also develop 
parenchymal lung disease and exhibit clinical features of respiratory distress. A day of treatment with oxygen >21% means that the infant received 
oxygen >21% for more than 12 hrs on that day. Treatment with oxygen >21% and/or positive pressure at 36 weeks PMA or 56 days postnatal age 
or discharge should not reflect an “acute” event but should rather reflect the infant’s usual daily therapy for several days preceding and following 
36 weeks PMA, 56 days postnatal age, or discharge. 

From Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit Care Med 2001;163:1723. 


pulmonary insufficiency of prematurity (CPIP). In 

1960, Wilson and Mikity described five preterm infants 
with diffuse lung infiltrates appearing at 10 to 30 days. 68 
These preterm infants had respiratory distress in the first 
days of life, which appeared to resolve. Then, 1 to 5 weeks 
later, the tachypnea and cyanosis returned. Radiologically 
there were diffuse pulmonary infiltrates that in some in¬ 
fants changed to a cystic emphysematous pattern. CPIP is 
diagnosed in very immature babies who have made at least 
a partial recovery from RDS but then go on to develop 
apnea and increasing oxygen requirements. They have low 
lung volumes and respond well to CPAP. 69 

Incidence 

The incidence of BPD varies widely among different cen¬ 
ters. This is due not only to differences in patient suscepti- 
bility and in management but also to discrepancies in the 
way BPD is defined. 70 Although surfactant treatment has 
improved overall survival for premature infants, the inci¬ 
dence of BPD ranges between 15% and 50% in infants 
weighing less than 1500 g at birth and increases with de- 
creasing gestational age. 1 The incidence of “new” BPD is 
30% in infants born at or before 28 weeks of gestation, and 
only 3% in infants born after 28 weeks. 2 

Pathogenesis 

Northway et al. 63 proposed four major factors in BPD 
pathogenesis: (1) lung immaturity, (2) respiratory failure, 
(3) oxygen supplementation, and (4) positive-pressure me- 
chanical ventilation. Beyond these factors, new knowledge 
suggests additional complex processes involved in the 


pathogenesis of BPD, including inflammation, aberrations 
in lung growth and lung signaling pathways, derange- 
ments in transcription factors and growth factors, new 
evidence related to oxidant lung injury, and a broader 
understanding of the genetics of BPD (Figure 22-2). 

Prematurity 

As mentioned earlier, the incidence of BPD is inversely re¬ 
lated to gestational age and birth weight, strongly suggesting 
that incomplete development of the lungs plays an impor- 
tant role in the pathogenesis of BPD. 2 

Ventilation-lnduced Lung Injury 
(Barotrauma or Volutrauma) 

IPPV seemed particularly damaging if PIP above 35 cm 
H 2 0 was used. 73 Volutrauma may occur at resuscitation if 
rapid lung expansion is attempted. Prematurely born 
lambs given six manual inflations of 35 to 40 ml/kg, com- 
pared with those not “bagged” at birth, had poorer lung 
function at 4 hours of age, as indicated by lower inspira- 
tory capacities. 74 Use of high Vt at resuscitation can also 
compromise the response to surfactant therapy in preterm 
lambs. 75 Ventilation-induced lung injury contributes to a 
Cascade of inflammation and cytokine release, further am- 
plifying the lung injury process. 

Hypoxia/Hyperoxia-Induced Lung Injury. Northway 
and associates 63 originally proposed that both oxygen expo- 
sure and ventilator-induced lung injury may deleteriously 
affect the lung via inflammatory pathways. New clinical and 
experimental data suggest that although hyperoxia alone 
plays an important role in BPD pathogenesis, intermittent 
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Chronic lung disease pathogenesis 
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FIGURE 22-2 Algorithm for chronic lung disease pathogenesis in infants. PMN, polymorphonu- 
cleocytes. (From Bancalari E: Bronchopulmonary dysplasia and neonatal chronic lung disease. 
ImFanaroff AA, Martin RJ, editors. Neonatal-perinatal medicine diseases of the fetas and infant, ed 9. 
St Louis: Mosby-Elsevier, 2011.) 


hypoxia occurring during exposure to hyperoxia may actu- 
ally contribute to exacerbation of BPD through worsening 
of oxidative lung injury. 76 ' 77 Most premature infants requir- 
ing supplemental oxygen and/or mechanical ventilation 
have intermittent spells of hypoxia during their acute 
course, but those infants in whom BPD develops have more 
frequent episodes of hypoxemia than those without BPD. 78 

To resist the detrimental effects of oxygen, the body has 
evolved a number of compensatory antioxidant systems. 
Antioxidant enzymes such as superoxide dismutase, cata- 
lase, and glutathione peroxidase seem to play an important 
role in preventing the toxic effects of oxygen. Other ele¬ 
ments, such as vitamin E, glutathione, and selenium, are 
also part of the endogenous antioxidant mechanisms. 
However, preterm infants have lower concentrations of 
antioxidant enzymes than full-terms. 79 

Inflammation. Evidence suggests that exposure to 
antenatal inflammation may have a protective effect of re- 
ducing the incidence of RDS in premature infants while 
paradoxically increasing the risk of lung damage and 
BPD. 80 


The increase in expression of pulmonary proinflamma- 
tory cytokines, chemokines, adhesion molecules, prote- 
ases, and angiogenic factors in concert with a decreased 
capacity to downregulate this response in infants who 
experience BPD suggests that persistent endogenous gen¬ 
eration of these factors might contribute to chronic lung 
injury and inflammation. 81 

Several studies have suggested an association between 
Ureaplasma urealyticum and the development of severe re- 
spiratory failure and BPD in VLBW infants. 82 ' 84 Elassanein 
et al. 85 reported that preterm neonates with positive cord 
biood polymerase chain reaction (PCR) for Ureaplasma 
urealyticum were more likely to have PROM, chorioamnio- 
nitis, earlier gestation, proinflammatory response, and 
RDS than those with a negative PCR. 

Nutrition. Data from experimental animal studies 
have shown that ability to handle oxidative lung injury is 
negatively affected by malnutrition, especially protein 
malnutrition. 86 Undernourishment causes alveolar loss or 
enlargement, also called nutritional emphysema. This pre¬ 
sentation of nutritional emphysema has similarities to the 
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alveolar simplification seen in BPD. 87,88 Slow postnatal 
growth rates in preterm sheep also result in lower alveolar 
numbers and reduced surface area for gas exchange in rela¬ 
tion to lung or body weight, and this pattern persists into 
maturity. 89 In preterm humans, the presence of fetal 
growth restriction independently raises the risk for BPD. 9 " 

Trace elemental deficiency, especially zinc, copper, sele- 
nium, chromium, molybdenum, manganese, iodine, and 
iron, in preterm neonates may predispose the infant to 
lung injury, and supplementation may provide protec- 
tion. 91,92 Vitamins A and E are nutritional antioxidants 
that may help prevent lipid peroxidation and maintain cell 
integrity. 93,94 

Patent Ductus Arteriosus. Infants with PDA are 
exposed to multiple factors that increase the risk of lung 
injury, and these factors become important confounders 
in the reported association between PDA and increased 
risk for BPD. 95 

A retrospective study from the Neonatal NetWork found 
that PDA was an independent risk factor associated with 
the development of BPD, as well as higher fluid intake and 
lesser weight loss in the first 10 days of life. 96 

Although prophylactic indomethacin decreased the risk 
of PDA among these preterm infants, it increased the risk of 
BPD among infants who did not have a PDA, an effect that 
seemed to be explained by increased oxygen requirements 
and decreased weight loss in the first week in indomethacin- 
treated infants. Further, there was an independent associa¬ 
tion between surgical ligation and the development of 
BPD among infants who subsequently received treatment 
for PDA. 97 

Genetics. Bhandari et al. 98 reported that genetic factors 
accounts for 53% of the susceptibility for BPD. Moreover, 
genetic factors associated with abnormal airway reactivity 
may play a role, in that infants with BPD have a stronger 


family history of asthma than those without BPD. 1 ' 9 Several 
specific genetic loci linked to the development of BPD 
include genes involved in surfactant function, 100 alveolo- 
genesis and vascular growth and remodeling, 101 and factors 
affecting the response to oxidative stress. 102 Polymorphism 
in the macrophage inhibitory factor (MIF) promoter is 
associated with BPD; specifically, infants with the MIF-173* 
allele (predisposing to higher MIF production) were shown 
to have a lower incidence of BPD. 103 

Vascular Hypothesis. Thébaud and Abman have pro¬ 
posed a “vascular hypothesis” in the pathogenesis of BPD; 
whereas normal alveolar development progresses in re¬ 
sponse to the secretion of angiogenic growth factors, such 
as vascular endothelial growth factor (VEGF) and nitric 
oxide (NO), lung angiogenic growth factor expression has 
been found to be decreased in BPD, a finding that may 
explain the arrest of vascular growth and impairment of 
alveolar growth. 104 Multiple studies support this “vascular 
hypothesis” of BPD. 105 ' 10/ 

Clinical Presentation and Diagnosis 

BPD, with rare exceptions, follows the use of mechanical 
ventilation with IPPV during the first weeks of life. The 
development of BPD is often suspected when mechanical 
ventilation and oxygen dependence extend beyond 10 to 
14 days. 64 Four distinet clinical stages were described 
radiographically and pathologically (Table 22-4). 63 

As mentioned earlier, the classic BPD described by 
Northway et al. 63 is now extremely rare with the advent of 
antenatal steroids, postnatal surfactant, and ventilator 
strategies better suited for preterm newborn infants. 
Instead, the typical picture of the “new BPD” is the one 
affecting smaller and more immature infants (birth weight 
400 to 1000 g) than the original studied population (birth 
weight more than 1000 g) with milder funetional and 


TABLE 22-4 


Radiological Staging of Classic Bronchopulmonary Dysplasia, with Pathological Correlates 


Stage Patient’s Age (ds) Radiologic Description Pathologic Description 


1 

2-3 

Granular pattern 

Air bronchograms 

Small lung volume 

Atelectasis 

Hyaline membranes 

Lymphatic dilation 

II 

4-10 

Opacification 

Necrosis and repair of alveolar epithelium 

Persistent hyaline membranes 

Emphysematous coalescence of alveoli and bronchiolar 
necrosis 

III 

10-20 

Small areas of lucency 
alternating with areas of 
irregular density 

Resisting airway injury to alveolar epithelium 

Groups of emphysematous alveoli with atelectasis of 
surrounding alveoli 

Interstitial edema and septal thickening 

Bronchiolar mucosal metaplasia and hyperplasia with marked 
mueus secretions 

IV 

Beyond 30 days 

Enlargement of lucent areas 
alternating with thinner 
strands of radiodensity 

Emphysematous 


Data from Northway WH et al. Pulmonary disease following respiratory therapy of hyaline membrane disease. NEngl JMed 1976;276:357; and 
Edwards PK, et al. Radiographic-pathologic correlation in bronchopulmonary dysplasia .JPediatr 1979;95:835. 







420 


SECTION IV • Neonatal and Pediatric Disorders: Presentation, Diagnosis, and Treatment 


radiographic changes, revealing more diffuse haziness 
without the marked changes observed in the severe forms 
ofBPD. 64 

Now infants present with milder lung disease, may start 
out with only minimal or mild RDS, and in faet may receive 
mechanical ventilation for pneumonia, apnea, or poor re- 
spiratory efifort. They may require low-pressure ventilatory 
support with low Fio 2 and may already be breathing room 
air within the first day(s) of life. However, within a few days 
or weeks after birth, these infants display deteriorating 
lung funetion and inereased ventilator or oxygen require- 
ments (Figure 22-3). This deterioration in respiratory 
status may be related to a hemodynamically significant 
PDA, to inflammation caused by bacterial infeetion or colo- 
nization, or to inflammatory processes triggered by oxygen 
or mechanical ventilation. 1, 

Although infants with “new BPD” may require me¬ 
chanical ventilation and oxygen for a prolonged period, 
the majority with this relatively milder form of chronic 


lung disease are essentially symptom free by discharge. 70 
There remains a small minority of infants with “new BPD” 
who have more severe lung dysfunetion, characterized by 
progressive respiratory failure that may even be associated 
with persistent pulmonary hypertension of the newborn 
(PPHN) and cor pulmonale, severe airway damage, bron- 
chomalacia, and airway obstruction, and may result in 
death. 108 If infants with this more severe form of BPD ac- 
quire acute bacterial or viral pulmonary infeetions, their 
lung damage may be further exacerbated. 109 

The diagnosis of BPD is based on the clinical and 
radiographic manifestations, but these are not specific. 
For this reason specific etiologies that could lead or con- 
tribute to the lung damage must be considered before 
concluding that the infant has BPD. Among these, one 
must rule out congenital heart disease, pulmonary lym- 
phangiectasia, Chemical pneumonitis resulting from re- 
current aspiration, cystic fibrosis, and surfactant protein 
(SP)-B deficiency. 110 



FIGURE 22-3 Chest radiographs ofa preterm infant with Ureaplasma pneumonitis. A, Chest radiograph 
in the first day of life shows a mild ground-glass appearance consistent with respiratory distress syn- 
drome (RDS). B, Chest radiograph at 2 weeks of age with early bronchopulmonary dysplasia (BPD) 
changes. C, Chest radiograph at 1 month of age showing progressive BPD with pulmonary edema 
or atelectasis. (From Viscardi RM: Prenatal and postnatal microbial colonization and respiratory out- 
come in preterm infants. In Bancalari E, editor. The newborn lung: neonatology cjuestions and controversies, 
ed 2. Philadelphia: Saunders, 2012.) 
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Prevention 

The cornerstone of management of BPD is prevention by 
avoiding, as much as possible, factors that predispose to 
injury. 

Lung-Protective Ventilator Strategies 

Because of lung immaturity from preterm birth, the major- 
ity of premature infants require respiratory assistance to 
sustain life. As discussed previously, respiratory support can 
be damaging to the preterm lung, so the therapeutic goal is 
to provide this lifesaving respiratory support without fur- 
ther compromising the already vulnerable premature lung. 

Gentie ventilation is a descriptive term for respiratory 
support for preterm infants using a low Vt strategy to 
decrease lung injury, with the acceptance of higher values 
for Paco 2 , called permissive hypercapnia. 

In an attempt to avoid mechanical ventilation via an 
ETT, newer studies have explored the use of nasal inter- 
mittent positive-pressure ventilation (NIPPV) as the pri¬ 
mary modality of respiratory support. 112 Several other 
possible protective modalities of mechanical ventilation 
have been suggested, including proportional assist venti¬ 
lation, 113 volume-controlled ventilation, 114 and the addi¬ 
tion of pressure-supported ventilation to SIMV, 115 and 
volume-targeted ventilation. 116 HFV, another approach to 
potentially limit volutrauma, was not found to be consis- 
tently protective in preventing or decreasing BPD. 1 ' 

Oxygen Therapy 

Observational studies have shown that those NICUs that 
set goals of lower oxygen saturation levels for premature 
infants requiring oxygen therapy had fewer cases of BPD 
than those using higher oxygen saturation levels. 118 

The SUPPORT study was the only study with an early 
intervention, comparing target oxygen saturations of 91% 
to 95% and 85% to 89% within the first 2 hours of life in 
1316 infants born at 24 to 28 weeks of gestation. BPD was 
reduced in the lower oxygen saturation group. 11 

The ability to maintain oxygen saturations within a 
tightly prescribed range was difficult. Therefore it is likely 
that tools such as automated regulation of inspired oxygen 
using a “closed loop” system could potentially improve 
oxygen stability and perhaps become the standard of clini- 
cal care of premature infants. 120 

Antioxidants 

Investigators have explored whether exogenous adminis¬ 
tration of antioxidants could have positive effects on BPD 
prevention and treatment. Animal studies have found a 
lung-protective effect of exogenously administered anti- 
oxidant enzymes, but human studies have yielded less 
promising results. 121 

Inhaled Nitric Oxide 

Inhaled nitric oxide (iNO) was originally used in critically 
ill infants to produce vasodilatation in the treatment of 


PPHN. Since its original clinical application, NO has been 
extensively investigated in animal models of lung immatu¬ 
rity and lung injury; it has been found to diminish lung 
inflammation, to reduce lung neutrophil infiltration, and, 
perhaps more importantly, to enhance lung growth and 
alveolar development. As a result of these promising ex- 
perimental Åndings, investigators have questioned whether 
iNO might play a role in treating or protecting against 
BPD. 122 

Nutrition 

Early and rigorous provision of adequate calories and protein 
to premature infants might potentially improve antioxidant 
capacity and decrease risk for BPD. 12j 

Whereas evidence in newborn experimental animals 
showed protection against oxygen toxicity with increases 
in both polyunsaturated fatty acid (PUFA) lipid intake and 
PUFA content of lung lipid, 124 multiple randomized con- 
trolled clinical trials in human prematures were unable to 
affect BPD with early provision of high-PUFA intake in the 
form of intravenous lipid. 

The NICF1D Neonatal Research NetWork trial con- 
ducted by Tyson et al. 126 reported a significant reduction 
in death and BPD in vitamin A-supplemented infants. 
Moreover, Elowlett et al. 12 demonstrated a significant re¬ 
duction in death and BPD in infants who had received 
inositol. 

Corticosteroids 

The anti-inflammatory properties of steroids include inhi¬ 
bition of prostaglandins, leukotrienes, and cyclooxygen- 
ases I and II; decrease of neutrophil recruitment in the 
lung; reduction in vascular permeability; and improve- 
ment of pulmonary edema. These properties make their 
use an effective postnatal strategy to reduce the risk and 
the severity of BPD. 128 

Methylxanthines 

Methylxanthines work as phosphodiesterase inhibitors 
and play an important role in regulating intracellular lev¬ 
els of second messengers cyclic adenosine monophosphate 
(cAMP) and cyclic guanosine monophosphate (cGMP), 
and they may have anti-inflammatory properties as well. 12 -’ 

The Caffeine for Apnea of Prematurity (CAP) trial re- 
vealed a significant decrease in BPD in infants who received 
caffeine. 130 

Future Therapies 

Pentoxifylline. Pentoxifylline is a methylxanthine that 
works as a phosphodiesterase inhibitor. Lauterbach et al. 131 
reported a significant decrease in the incidence of BPD by 
day 4 of life after administration of inhaled pentoxifylline 
in VLBW infants. 

Mesenchymal Stem Cells. Bone marrow-derived mul- 
tipotent mesenchymal stem cells (MSCs) have been found 
to be efficacious in experimental models of lung injury. 1 ’ 2 
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Treatment 

The goals of treatment during the NICU course are to 
minimize further lung injury (e.g., barotrauma and volu- 
trauma, oxygen toxicity, inflammation), maximize nutri- 
tion, and diminish oxygen consumption. The big challenge 
is that the supplemental oxygen and mechanical ventilation 
needed to maintain gas exchange are the same factors impli- 
cated in the pathogenesis of the lung damage. 

Optimal care of infants with BPD should be given by a 
multidisciplinary team, including representatives from 
neonatology, pulmonology, respiratory therapy, nutri- 
tion, occupational therapy, speech therapy, physical ther¬ 
apy, social work, pharmacy, discharge planning, and other 
services. 

Oxygenation 

Supplemental oxygen remains a mainstay of therapy for 
infants with BPD, yet the most appropriate target for oxy¬ 
gen saturation levels remains controversial. Growing con- 
cerns regarding the adverse effects of even moderate levels 
of oxygen therapy have led many neonatologists to accept 
oxygen saturations below 85% to 90% early after birth of 
preterm newborns. However, it should also be kept in 
mind that patients with severe BPD are usually more than 
36 weeks postmenstrual age past the time when ROP is a 
major concern. Currently, most pulmonologists recom- 
mend maintaining infants with established BPD at oxygen 
saturations around 92%, with slightly higher levels (92% to 
95%) for infants with BPD and growth failure, recurrent 
respiratory exacerbations, or PPHN. 133 

Mechanical Ventilation 

In most NICUs, NCPAP or high-flow nasal cannula therapy 
is used to maintain adequate oxygenation and ventilation 
while avoiding the need for prolonged ventilation or rein- 
tubation for ventilator support. 133 

When mechanical ventilation is used, the lowest PIP 
necessary to obtain adequate ventilation must be applied, 
using Ti between 0.3 and 0.5 seconds. Shorter Ti and 
higher flow rates can exaggerate the maldistribution of 
the inspired gas, and longer Ti can increase the risk of 
alveolar rupture and cardiovascular side effects. PEEP 
between 4 and 6 cm EI 2 O is applied so that the minimum 
oxygen concentration necessary to keep the Pao 2 above 
50 mm Hg is used. In infants with severe airway obstruc¬ 
tion, especially those with bronchomalacia, the use of 
PEEP levels of 5 to 8 cm H 2 0 can help reduce expiratory 
airway resistance and improve alveolar ventilation. The 
duration of mechanical ventilation must be limited as 
much as possible to reduce the risk of mechanical trauma 
and infection. 

Weaning these patients from the ventilator is difficult 
and has to be accomplished gradually. When the patient 
can maintain an acceptable Pao 2 and Paco 2 with low PIP 
(lower than 15 to 18 cm H 2 0) and an Fio 2 lower than 
0.3 to 0.4, the ventilator rate is gradually reduced to allow 


the infant to perform an increasing proportion of the re¬ 
spiratory work. During the process of weaning, it may be 
necessary to increase the Fio 2 . Concurrently, the Paco 2 can 
rise to values in the 50s or 60s mm Hg. As long as the pH 
is within acceptable limits, this degree of hypercapnia 
must be tolerated to wean the patient from the ventilator. 
In small infants, aminophylline or caffeine can be used as 
a respiratory stimulant during the weaning phase. When 
the patient is able to maintain acceptable biood gas levels 
for several hours on low ventilator rates (10 to 15 breaths 
per minute), extubation should be attempted. 

During the days after the extubation, physiotherapy and 
increasing the Fio 2 should be the first-line treatments for wors- 
ening biood gases, which usually will be because of atelectasis 
associated with secretions. In smaller infants, the use of nasal 
CPAP after extubation can stabilize respiratory function and 
reduce the need to reinstitute mechanical ventilation. 64 

In contrast to an approach to acute RDS using a low VT 
and high PEEP to minimize acute lung injury, most clini- 
cians favor a strategy of larger Vt delivered at slower rates 
with longer inspiratory and expiratory times in severe BPD 
(Table 22-5). This strategy is directly related to the striking 


TABLE 22-5 


Ventilator Strategies in Bronchopulmonary Dysplasia 

Strategies to prevent acute lung injury: 

1. Low Vt (5-8 mL/kg) 

2. Short inspiratory times 

3. Increased PEEP as needed for 
lung recruitment without overdis- 
tention (as reflected by high peak 
airway pressures) 

4. Achieve lower Fio 2 
Goals for gas exchange: 

1. Adjust Fio 2 to target lower 0 2 
saturations (88%-92%) 

2. Permissive hypercapnia 
Strategies for effective gas exchange: 

1. Marked regional heterogeneity: 

• Larger Vt (10-12 mL/kg) 

• Longer inspiratory time 
(£0.6 sec) 

2. Airways obstruction: 

• Slower rates allow better empty- 
ing, especially with larger Vt 

• Complex roles for PEEP with 
dynamic airway collapse 

3. Interactive effects of vent strategies: 

• Changes in rate, Vt, inspiratory 
and expiratory times, and pressure 
support are highly interdependent 

• Overdistention can increase agi¬ 
tation and paradoxically worsen 
ventilation 

4. Permissive hypercapnia to facilitate 
weaning 

From Abman SH, Nelin LD. Management of infants with severe broncho¬ 
pulmonary dysplasia. In Bancalari E, editor. The newhom lung: neonatology 
questions and controversies , ed 2. Philadelphia: Elsevier Saunders, 2012. 


Early (prevention) 


Late (established 
BPD) 
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differences in lung physiology that characterize newborns 
with acute respiratory failure compared with infants with 
severe BPD. Dramatic heterogeneity of lung disease, char- 
acterized by marked regional variability in time constants, 
provides the physiological rationale for this strategy in 
severe BPD, to improve the distribution of ventilation, 
minimize physiological dead space and gas trapping, and 
improve gas exchange. 133 

Fluid Management 

Infants with BPD tolerate excessive or even normal amounts 
of fluid intake poorly and, as mentioned earlier, have a 
marked tendency to accumulate excessive interstitial fluid 
in the lung. This excess can lead to a deterioration of their 
pulmonary function, with exaggeration of hypoxemia and 
hypercapnia and longer ventilator dependency. 

To reduce lung fluid in infants with BPD, water and 
salt intake should be limited to the minimum required to 
provide the calories necessary for metabolic needs and 
growth. When increased lung water persists despite fluid 
restriction, diuretic therapy can be used successfully. Be- 
cause increased metabolic demands in infants with BPD 
are associated, in severe cases, with low Pao 2 , it is impor- 
tant to maintain a relatively normal biood hemoglobin 
concentradon. This may be accomplished with biood 
transfusions or by the administration of recombinant 
erythropoietin. 4 

Drug Therapies 

Diuretics. Diuretics improve pulmonary compliance 
and airway resistance by reducing lung edema. Aerosolized 
furosemide can acutely improve lung mechanics, but data 
are lacking regarding its long-term use. 134 The use of alter- 
nate-day furosemide may sustain improvements in lung 
function while minimizing risks for electrolyte imbalance 
and nephrocalcinosis. 1 '^ 

Bronchodilators. Infants with BPD have airway smooth 
muscle hypertrophy and often have signs of bronchial 
hyperreactivity that acutely improves with bronchodilator 
therapy, but response rates are variable. 136 

Aminophylline and caffeine can reduce airway resis¬ 
tance in infants with BPD and may have an additive effect 
with diuretics. Methylxanthines can improve weaning of 
infants from mechanical ventilation. 129 

Steroids. Corticosteroid therapy, directed primarily 
at reducing lung inflammation, is one of the most contro- 
versial areas of BPD care. 13 Steroid bursts (e.g., methyl- 
prednisolone 1 mg/kg q6h for 2 days, then 1 mg/kg ql2h 
for 2 days, then 1 mg/kg/day for 2 days) may be helpful in 
the management of infants with severe BPD and acute 
deteriorations of lung function. 138 

Numerous side effects of steroid therapy have been 
reported. These include sepsis, NEC, hyperglycemia, hy¬ 
pertension, diabetic ketoacidosis, hypertrophic cardio- 
myopathy and greater weight loss. Of particular concern 
is the evidence that prolonged treatment with systemic 


dexamethasone is associated with increased risk of peri- 
ventricular leukomalacia and long-term neurological 
deficits such as cerebral palsy. 139 Thus the use of systemic 
corticosteroids to prevent BPD early in the course of 
care of preterm infants is currently discouraged by the 
American Academy of Pediatrics. 140 

Antireflux Measures. The contribution of gastro- 
esophageal reflux (GER) to severe BPD remains contro- 
versial. Patients with severe BPD should be evaluated for 
GER with radiological studies (barium swallow studies, 
upper gastrointestinal series), pH or impedance probes, 
or swallow studies. Many clinicians would also consider 
gastrostomy and fundoplication in the setting of severe 
BPD that is failing to improve if clinical suspicion re¬ 
mains high even though results of studies for GER 
are negative. These findings suggest that medical treat¬ 
ment of GER may improve symptoms in patients with 
BPD. 141 

Pulmonary Vasodilators. Patients with severe BPD are 
at high risk for development of PPHN and cor pulmonale. 
Therefore screening echocardiograms should be performed 
in patients with severe BPD. 

Current therapies used for PPHN therapy in infants 
with BPD generally include iNO, sildenafil, and endothelin 
receptor antagonists. 122 

Nutrition 

Optimizing both enteral and parenteral nutrition is essen- 
tial to growth and recovery of preterm infants with BPD. 
Beginning parenteral nutrition in the first days after birth, 
as well as the use of aggressive feeding regimens, is crucial 
to success in these infants. 

High-calorie formulas and supplements of protein, cal¬ 
cium, phosphorus, and zinc can be used to maximize the 
intake of calories while restricting fluid intake to prevent 
congestive heart failure and pulmonary edema. If for any 
reason enteral nutrition is precluded for more than 3 or 
4 days, parenteral alimentation with glucose, amino acids, 
and fat should be substituted until the gastrointestinal 
tract again becomes functional. 

Adequacy of nutrition should be closely monitored, and 
growth charts for weight, head circumference, and height 
must be kept. Other means of assessment include arm an- 
thropometry to determine muscle mass and fat deposits 
and measurement of serum levels of albumin. Rib frac- 
tures noted on routine CXR together with generalized 
bone demineralization are often observed in infants 
with BPD and are usually a manifestation of osteopenia of 
prematurity. 74 

Social Issues 

Dealing with a chronic childhood illness can be frustrating 
for any parent. Parents must be given all the facts of their 
baby 5 s status and as much emotional support as possible. 
Notice must be taken of those parents who might tend 
toward child abuse. 142 
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Outcome 

Mortality 

The mortality rate among infants with BPD who are dis- 
charged on therapy from the hospital is roughly 10%. It 
reached up to 38% among children with BPD and 
PPHN. 143 

Long-Term Morbidity 

Pulmonary Complications. Tachypnea, retractions, 
dyspnea, cough, and wheezing can be seen for months to 
years in seriously affected children. Although complete 
clinical recovery can occur, underlying pulmonary func- 
tion, gas exchange, and radiographic abnormalities may 
persist beyond adolescence. The impact of persistent 
minor abnormalities of function and growth on long-term 
morbidity and mortality is not known. Reactive airway 
disease occurs more often, and infants with BPD are 
at increased risk for bronchiolitis and pneumonia. The 
rehospitalization rate for respiratory illness during the 
first 2 years of life is approximately twice that of matched 
control infants. 144,145 

Airway problems, such as tonsillar and adenoidal hy- 
pertrophy, vocal cord paralysis, subglottic stenosis, and 
tracheomalacia, are common and may aggravate or cause 
pulmonary hypertension. Subglottic stenosis may require 
tracheotomy or an anterior cricoid split procedure to re- 
lieve upper airway obstruction. 

Cardiac Complications. Cardiac complications include 
pulmonary hypertension, cor pulmonale, systemic hyperten¬ 
sion, left ventricular hypertrophy, and the development of 
aortopulmonary collateral vessels, which, if large, may cause 
heart failure. 143,146 

Neurodevelopmental Delays and Neurological Defi¬ 
cits. Delays in development have been reported to be com¬ 
mon, with poor developmental outcome correlating positively 
with prolonged hospitalization and requirement for oxygen in 
babies with severe BPD. Among children without severe gross 
motor delays, risk factors for BPD accounted for the associa¬ 
tion of BPD and developmental delay. 147 

Other Complications. Other complications include 
growth failure, psychomotor retardation, and parental 
stress, as well as sequelae of therapy such as nephrolithia- 
sis, osteopenia, and electrolyte imbalance. 148 

TRANSIENT TACHYPNEA 
OF THE NEWBORN 

Incidence 

Transient tachypnea of the newborn (TTN) is a relatively 
benign, typically self-limited disease, first described by 
Avery and colleagues in 1966. 149 It is also known as RDS 
type II, wet lung syndrome, or persistent postnatal pul¬ 
monary edema. It occurs in approximately 4 to 5.7 per 
1000 infants delivered between 37 and 42 weeks of gesta- 
tion. It is more common after elective cesarean section 


delivery without labor. 150 Although TTN does appear in 
infants bom prematurely, it occurs more commonly in 
term infants. 

Pathophysiology and Risk Factors 

Early theories of lung fluid clearance focused on the role of 
thoracic compression during vaginal delivery and were 
supported by the observation that TTN is more common 
among babies born by elective cesarean section. 151 Current 
attention has focused on the roles of catecholamines, glu- 
cocorticoids, and thyroid hormones in bringing about a 
permanent change in the lung epithelium phenotype and 
causing the lung epithelia to switch from lung fluid secre- 
tion to absorption. 152 Because resorption of fetal lung 
fluid is a catecholamine-dependent process, Aslan et al. 
investigated genetic polymorphisms in (3-adrenergic recep¬ 
tor encoding genes and concluded that it is more common 
in babies with TTN. 153 

Delayed cord damping or cord milking, is also associ- 
ated with TTN. This could be explained by the increased 
placental-fetal transfusion, which might lead to an eleva¬ 
tion in the infant’s central venous pressure, disrupting 
lung fluid clearance by the thoracic duet or pulmonary 
lymphatics, Additional risk factors include male gender 
and birth to a mother with asthma. The mechanism un¬ 
derlying the gender-associated risk and the inerease associ- 
ated with maternal asthma is unclear, although there is 
speculation that these infants have an altered sensitivity to 
catecholamines that may play a role in the delayed clear¬ 
ance of lung fluid. 154 

Macrosomia and multiple gestations also inerease 
the risk of TTN. The associations between TTN and other 
obstetric factors, such as excessive maternal sedation, pro¬ 
longed labor, and large amounts of intravenous fluids 
given to the mother, have been less consistent. 

Clinical Presentation and Diagnosis 

A term or near-term infant with TTN typically presents with 
tachypnea (60 to 150 breaths per minute), cyanosis, grunt- 
ing, retractions, and nasal flaring within the first few hours 
after birth. ABG analysis reveals mild to moderate hypox- 
emia, hypercapnia, and respiratory acidosis. CXR may show 
pulmonary vascular congestion, prominent perihilar streak- 
ing, fluid in the interlobular fissures, hyperexpansion, and 
a flat diaphragm (Figure 22-4). Mild cardiomegaly and pleu- 
ral effusions may also be present. 

Differential Diagnosis 

Because TTN is similar in its initial presentation to condi- 
tions such as RDS, group B streptococcal pneumonia, and 
PPHN, TTN is often a diagnosis of exelusion; after these 
disorders have been ruled out. 155 

TTN also must be distinguished from the clinical syn¬ 
drome of cerebral hyperventilation. This usually is seen in 
term infants with a history of birth asphyxia. The infants are 
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FIGURE 22-4 Transient tachypnea of the newborn with overin- 
flated lungs and increased interstitial streaky markings. (From 
Arthur R. The neonatal chest x-ray. Paediatr Respir Rev 2001 ;2:311.) 

tachypneic without radiographic changes apart from occa- 
sional asphyxia-related cardiomegaly. Respiratory alkalosis 
is typical and is probably the result of respiratory center ir¬ 
ritation, although it could be a component of postasphyxial 
pulmonary edema. 

Treatment 

Treatment is largely supportive. The objectives of treat¬ 
ment of TTN are to maintain adequate oxygenation and 
ventilation. 149 Supplemental oxygen via oxygen hood (Fio 2 
usually less than 40%) is indicated when signs of respira¬ 
tory distress are present. 156 CPAP levels of 3 to 5 cm H 2 0 
may be needed when higher Fio 2 levels are required. 

Infants with sustained respiratory rates greater than 
60 breaths per minute should not be fed orally; therefore, 
these infants should be maintained either with gavage 
feedings for respiratory rates between 60 and 80 or nil 
per os (NPO) with intravenous fluids for more severe 
tachypnea. 155 

Most infants are initially treated with broad-spectrum 
antibiotics until the diagnosis of sepsis or pneumonia is 
excluded. A controlled trial of furosemide administration 
to accelerate clearance of lung fluid showed no benefit in 
attenuating the course of TTN. 1 -'’ 

Complications and Prognosis 

The condition is self-limited. The distress, hypoxemia, 
and mild respiratory acidosis usually resolve within 12 to 
24 hours, with the infant frequently breathing room air by 
48 hours of age. 

Complications are rare, though air leaks may occur, 
particularly if the baby has required CPAP or IPPV. 


NEONATAL PNEUMONIA 

Incidence 

An estimated 800,000 deaths occur worldwide from respira¬ 
tory infections in newborn infants. 158 Pneumonia occurs in 
more than 10% of the infants in a NICU, with premature 
infants affected more often than term infants. By contrast, 
at autopsy the incidence of neonatal pneumonia ranges 
from 20% to 32% of live-born infants and from 15% to 38% 
of stillborn infants, although the pathological features of 
inflammation of the lung may not always result from infec- 
tion. 159 Certain groups of mothers seem to have a higher 
incidence of infection, including those of lower socioeco- 
nomic status, teenagers, and sexually active mothers. 

Etiology and Pathophysiology 

Causative Organisms 

Organisms responsible for infectious pneumonia typically 
mirror those responsible for early-onset neonatal sepsis. 
Group B Streptococcus (GBS) was the most common bacte- 
rial isolate in most locales from the late 1960s to the late 
1990s, when the impact of intrapartum chemoprophylaxis 
in reducing neonatal and maternal infection by this organ- 
ism became evident. Despite the decreased frequency, GBS 
remains a common isolate in early-onset (age younger 
than 3 days) infections in term and near-term infants. 
Since that time, Escherichid coli has become the most com¬ 
mon bacterial isolate among VLBW infants. 160 Early-onset 
pneumonia from GBS may progress rapidly to shock or 
death, and mortality is high (20% to 50%) regardless 
of treatment. When the onset of GBS disease is later 
(2 to 3 weeks after birth), the infant may present with men¬ 
ingitis rather than pneumonia, the pathogen is usually 
a different strain of the organism, and there is a more 
optimistic prognosis. 161 

Other bacteria that should be considered when pneu¬ 
monia is acquired in utero or in the immediate perinatal 
period include Klebsiella spp, group D streptococci, Listerid 
monocytogenes, and Pneumococci. When neonatal pneumo¬ 
nia develops several days or even weeks after birth, in addi¬ 
tion to these organisms, infections from Staphylococcus and 
Pseudomonds organisms and Fungi should be considered. 
Although infection with Chldmydia tmchomatis does appear 
to be acquired during parturition, pneumonia caused by 
this organism typically has a gradual onset of respiratory 
symptoms beyond 3 weeks of postnatal life. 162 Ureaplasma 
uredlyticum is a known cause of maternal chorioamnion- 
itis. This organism has been isolated from the upper and 
lower respiratory tract of infants with acute respiratory 
failure or BPD and can contribute to the etiology of these 
disorders. 161 

Viral pneumonia can be acquired by the fetus from 
transplacental passage of organisms, as may be the case in 
the congenital intrauterine infections (TORCH syndrome: 
foxoplasmosis, rubella, cytomegalovirus, herpes simplex 
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virus). Viruses probably also accounr for a substanrial 
number of postnatally acquired pneumonias. Viral pneu¬ 
monia is not usually recognized as such in the neonate, 
although epidemics resulting from respiratory syncytial 
virus infection and adenovirus have been associated with 
significant morbidity and mortality. 164 

Bacterial, viral, and fungal pneumonias of later onset 
are a cause of considerable morbidity in NICUs, and the 
risk of a subsequent fatal outcome is small but inversely 
proportional to birth weight. 162 

Modes of Transmission 

Intrauterine (Transplacental). Intrauterine infection 
is a result of clinical or subclinical maternal infection with 
a variety of agents (cytomegalovirus [CMV], Treponema pal- 
lidum, Toxoplasma gondii, rubella virus, varicella virus, parvo- 
virus Bl9) and hematogenous transplacental transmission 
to the fetus. Transplacental infection may occur at any time 
during gestation, with signs and symptoms present at birth 
or may be delayed for months or years. 161 

Ascending Vertical Transmission. Most pneumonias 
seen in the newborn are a result of ascending infection 
from the genital tract before or during labor. The infant 
can contract pneumonia through contaminated amniotic 
fluid, which may be aspirated, or by extended exposure to 
bacteria that may be in the vaginal tract. This type of trans¬ 
mission of bacteria is a result of heavy colonization of the 
maternal genitourinary tract. Prolonged rupture of mem¬ 
branes greater than 18 hours before delivery creates a sig¬ 
nificant chance of the infant’s contracting bacteria and is 
thought to be one of the greatest predisposing factors to 
neonatal pneumonia, 162 although it is possible that bacte¬ 
ria such as GBS could gain access to the fetus by ascent 
through intact membranes. 1 

Postnatal (Nosocomial or Community Acquired). 
After birth, neonates are exposed to infectious agents in the 
nursery or in the community. Postnatal infections, also 
known as horizontal transmission, may be transmitted by 
direct contact with hospital personnel, the mother, or other 
family members; from breast milk (HIV, CMV); or from 
inanimate sources such as contaminated equipment. Some 
of the organisms responsible for postnatal pneumonia are 
airborne, whereas others are spread by contact. 163 

The most common source of postnatal infections in hos- 
pitalized newborns is hånd contamination of health care 
personnel. 161 In the treatment of neonates, certain invasive 
lines (e.g., umbilical catheters, intravenous lines) as well as 
intubation and respiratory equipment can be avenues for 
infection. Cross-contamination of bacteria or viruses within 
the hospital setting is unfortunately a risk with the neonatal 
patient, especially if there is a large patient-to-caregiver ratio. 

Risk Factors 

The most important neonatal factors predisposing to in¬ 
fection is prematurity and low birth weight (LBW; weigh- 
ing less than 2500 g). Preterm LBW infants have a 3- to 


1 O-fold higher incidence of infection than full-term, 
normal-birth-weight infants. 1 

Other risk factors include the following: 

Premature, PROM (more than 18 hours) 

• Maternal peripartum fever (38° C/100.4 0 F) or infec¬ 
tion, chorioamnionitis, urinary tract infection (UTI), 
previous delivery of a neonate with GBS disease 
Perineal colonization with GBS or E. coli 

• Amniotic fluid problems; meconium-stained or foul- 
smelling, cloudy amniotic fluid 

Resuscitation at birth—infants who had fetal distress, were 
born by traumatic delivery, or were severely depressed at 
birth and required intubation and resuscitation 

• Multiple gestation 

■ Invasive procedures— invasive monitoring, and respira¬ 
tory or metabolic support 

■ Infants with galactosemia (predisposition to E. coli 
infection), immune defects, or asplenia 

■ Iron therapy (iron added to serum in vitro enhances the 
growth of many organisms) 

In addition, males are four times more affected than 
females, and the possibility of a sex-linked genetic basis for 
host susceptibility is postulated. Variations in immune 
function may play a role. Neonatal infection is more 
common in African-American infants than in Caucasian 
infants, but this may be explained by a higher incidence of 
PROM, maternal fever, and LBW. Low socioeconomic sta¬ 
tus is often reported as an additional risk factor, but again 
this may be explained by LBW. NICU staff and family 
members are often vectors for the spread of microorgan- 
isms, primarily as a result of improper hånd washing. 166 

Clinical Presentation and Diagnosis 

Early-onset infections are acquired before or during delivery 
and present before the first week of life; usually less than 
72 hours. Late-onset infections develop after the first week 
of life from organisms acquired in the hospital or the com¬ 
munity. The age at onset depends on the timing of expo¬ 
sure and virulence of the infecting organism. The infant 
may have a history of fetal tachycardia with low Apgar 
scores and often requires some type of supplemental oxy¬ 
gen or even resuscitation at birth. Very-late-onset infections 
(onset after 1 month of life) may also occur, particularly 
in VLBW preterm infants or in term infants requiring pro¬ 
longed neonatal intensive care. 

The nonspecific nature of the clinical signs that are 
characteristic of neonatal infections makes a high index of 
suspicion the key to early diagnosis. 1 Early signs and symp¬ 
toms of pneumonia may be nonspecific; they include 
poor feeding, lethargy, irritability, cyanosis, temperature 
instability, and the overall impression that the infant is not 
well. Respiratory symptoms include grunting, tachypnea, 
retractions, flaring of the alae nasi, cyanosis, apnea, and pro¬ 
gressive respiratory failure. If the infant is premature, signs 
of progressive respiratory distress may be superimposed 
upon RDS or BPD. For infants on mechanical ventilation, 
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need for increased ventilating support may indicate infec- 
tion. Signs of pneumonia on physical examination, such as 
dullness to percussion, change in breath sounds, and the 
presence of rales or rhonchi, are very difficult to appreciate 
in a neonate. 165 

Several factors should alert the health care provider to the 
possibility of neonatal pneumonia—namely, a history of 
maternal infection or fever, toxemia, premature labor, PROM, 
malodorous or stained amniotic fluid, lesions of the vagina or 
placenta, and frequent digital examinations of the cervix. 61 

Anytime neonatal pneumonia is suspected, appropriate 
laboratory diagnostic tests should be performed, such as 
complete biood cell count (CBC), C-reactive protein (CRP), 
and cultures of biood, urine, and cerebrospinal fluid along 
with tracheal or gastric aspirates that provide evidence of 
infection. These test results can help in making a definitive 
diagnosis of pneumonia. 165 

CXR may show a diffuse granular pattern with wide- 
spread bilateral involvement, especially if the infant ac- 
quired the infection in utero. If aspiration of contaminated 
amniotic fluid has occurred, CXR may appear as an aspira¬ 
tion pneumonitis with patchy infiltrates. When an infection 
is acquired postnatally, the radiographic findings often 
change from normal to severely abnormal over the first few 
days. Depending on the severity of the disease process 
and the causative organism, pleural effusions, pulmonary 
edema, pneumatoceles, cardiomegaly, and evidence of 
barotrauma may be seen (Figure 22-5). 



FIGURE 22-5 Group B streptococcal pneumonia. Widespread 
interstitial shadowing with more confluent alveolar consolidation 
at the left bases and fluid in the horizontal fissure ( arrow ). (From 
Arthur R. The neonatal chest x-ray. Paediatr Respir Rev 2001 ;2:311.) 


ABG values reveal hypoxemia that is refractory to oxy¬ 
gen therapy and hypercapnia that responds poorly to venti- 
latory support. Metabolic acidosis may develop as infection 
becomes more severe. 165 

Prevention 

Maternal immunization protects the mother against 
vaccine-preventable diseases that can cause intrauterine 
infections (rubella, hepatitis B, varicella) and may also pro- 
tect the infant via passive transfer of protective maternal 
antibodies (tetanus). Toxoplasmosis is preventable with 
appropriate diet and avoidance of exposure to cat feces. 
Malaria during pregnancy can be minimized with che- 
moprophylaxis and use of insecticide-treated bed nets. 
Congenital syphilis is preventable by timely diagnosis and 
appropriate early treatment of infected pregnant women. 

Aggressive management of suspected maternal chorio- 
amnionitis with antibiotic therapy during labor, along with 
rapid delivery of the infant, reduces the risk of early-onset 
neonatal sepsis. Vertical transmission of GBS is signifi- 
cantly reduced by selective intrapartum chemoprophylaxis. 
Neonatal infection with Chlamydia can be prevented by 
identifikation and treatment of infected pregnant women. 
Mother-to-child transmission of FIIV is significantly re¬ 
duced by maternal antiretroviral therapy during pregnancy, 
labor, and delivery, cesarean section delivery before rupture 
of membranes, and antiretroviral treatment of the infant 
after birth. 165 

Prevention of Nosocomial Infection 

Principles for the prevention of nosocomial infection in- 
clude adherence to universal precautions with all patients’ 
contacts, avoiding nursery crowding and limiting nurse- 
to-patient ratios, strict compliance with hånd washing, 
meticulous neonatal skin care, minimizing the risk 
of catheter contamination, decreasing the number of 
venipunctures and heelsticks, reducing the duration of 
catheter and mechanical ventilation days, encouraging 
appropriate advancement of enteral feedings, providing 
education and feedback to nursery personnel, and ongo- 
ing monitoring and surveillance of nosocomial infection 
rates in the NICU (Box 22-3). 

Treatment 

The normal course of treatment in neonatal pneumonia is 
multifaceted and includes appropriate antibiotic or antiviral 
therapy, oxygenation, adequate ventilation, and pharmaco- 
therapy. To prevent rapid deterioration, early intervention, 
aggressive management, and continuous monitoring are 
required, especially in the infant with early-onset GBS disease. 

Pharmacotherapy 

Many physicians believe that PROM, or the onset of pre¬ 
mature labor by itself, is often the first sign of infection 
and should be treated as such, with broad-spectrum anti¬ 
biotic therapy instituted immediately. This has been 
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Principles for the Prevention of 
Nosocomial Infection in the 
Neonatal Intensive Care Unit 

Observe recommendations for universal precautions with all 
patient contact: 

• Gloves 

• Gowns, mask, and isolation as indicated 
Nursery design engineering: 

• Appropriate nursing/patient ratio 

• Avoid overcrowding and excessive workload 

• Readily accessible sinks, antiseptic solutions, soap, 
and paper towels 

Handwashing: 

• Improve handwashing compliance 

• Wash hånds before and after each patient encounter 

• Appropriate use of soap, alcohol-based preparations, 
or antiseptic solutions 

• Alcohol-based antiseptic solution at each patient 
bedside 

• Provide emollients for nursery staff 

• Education and feedback for nursery staff 
Minimizing risk of CVC contamination: 

• Maximal sterile barrier precautions during CVC insertion 

• Local antisepsis with chlorhexidine gluconate 

• Minimize repeated entry into the line for laboratory tests 

• Aseptic technique when entering the line 

• Minimize CVC days 

• Sterile preparation of all fluids to be administered via 
a CVC 

Meticulous skin care 

Encourage early and appropriate advancement of enteral 
feeding 

Education and feedback for nursery personnel 
Continuous monitoring and surveillance of nosocomial 
infection rates in the neonatal intensive care unit 

CVC, Central venous catheter. 

From Adams-Chapman I, Stoll BJ: Prevention of nosocomial infections 
in the neonatal intensive care unit. Cumr Opin Pediatr 2002;14:157-164. 


Box 22-3 


shown to be effective in improving the outcome in certain 
disease processes, especially infection with GBS. Whenever 
neonatal pneumonia is suspected, broad-spectrum antibi- 
otics are given for at least 72 hours, or until definitive cul- 
ture results are obtained. If results prove that infection is 
present, antibiotics are continued for 14 to 21 days. 167 

Antiviral agents (e.g., ribavirin, acyclovir) may be ad¬ 
ministered in infants with pneumonia of viral origin. In 
the case of some viral pathogens that are congenitally 
transmitted, such as CMV and rubella, irreversible damage 
to the central nervous system (CNS) has already occurred 
and there is little therapy available to reverse it. 

Adequate gas exchange depends not only on alveolar 
ventilation but also on perfusion and gas transport capacity 
of the alveolar perfusate (i.e., biood). Preservation of pulmo- 
nary and systemic perfusion is essential, using volume 
expanders, inotropes, afterload reduction, biood products, 
and other interventions (e.g., iNO) as needed. 


Respiratory Support 

Assurance of airway patency may be more challenging 
in neonates with pneumonia because of the often profuse, 
potentially obstructive secretions and mucopurulent exu- 
dates of variable viscosity. Judicious suctioning is war- 
ranted. Deep suctioning should be avoided because it can 
cause airway trauma and swelling, which in turn may cause 
large airway obstruction. 

The infant with cyanosis, hypoxemia, and hypercapnia 
may require mechanical ventilation to maintain oxygen- 
ation. The most critically ill infants may need high ventila- 
tory settings with high PIP, ventilatory rate, and oxygen 
levels. ABG values and transcutaneous monitors, or pulse 
oximetry, or both, are used to monitor the patient’s respi¬ 
ratory status. 168 

Extracorporeal Membrane 
Oxygertation 

Near-term and term infants who are unresponsive to 
conventional ventilation and other supportive measures 
may benefit from extracorporeal membrane oxygenation 
(ECMO). 169 Improved rates of survival have been reported 
in this group. 

Complications and Prognosis 

Morbidity and mortality associated with neonatal pneu¬ 
monia depend on the causative organism and the ability to 
successfully treat the infant and keep complications to a 
minimum. 

Careful management requires frequent assessment for 
signs of complications that may accompany prematurity, 
sepsis, and treatment interventions. These include the risk 
of IVH, air leaks, PPHN, and NEC, as well as the develop- 
ment of BPD if mechanical ventilation is required for 
extended periods. These infants can suffer significant neu- 
rological damage and developmental delay, or they may 
have totally normal capabilities. In some cases, however, 
the impairment may have occurred in utero and severe 
neurological problems or even death may be imminent. 170 

The key to treatment in these infants would seem to be 
early intervention and aggressive therapy; however, the pro¬ 
gression of neonatal pneumonia can be variable. Fulmi- 
nant infection is most commonly associated with pyogenic 
organisms such as GBS. Onset may occur during the first 
hours or days of life, with the infant often manifesting rap¬ 
idly progressive circulatory collapse and respiratory failure. 
With early-onset pneumonia, the clinical course and CXR 
may be indistinguishable from those with severe RDS. 

In contrast to the rapid progression of pneumonia 
caused by pyogenic organisms, an indolent course may be 
seen in nonbacterial infection. The onset can be preceded 
by upper respiratory tract symptoms or conjunctivitis. The 
infant may demonstrate a nonproductive cough, and the 
degree of respiratory compromise is variable. Fever is usu- 
ally absent, and CXR shows focal or diffuse interstitial 
pneumonitis. Infection is generally caused by Chlamydia 
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trachomatis, CMV, Ureaplasma urealyticum, or one of the 
respiratory viruses. Although Pneumocystis carinii was im- 
plicated in the original description of this syndrome, its 
etiological role is now in doubt, except in newborns 
infected with HIV. 165 

MECONIUM ASPIRATION 

SYNDROME 

Definition 

Meconium is the green-tinged bowel content of an infant, 
which is usually passed within 48 hours after delivery. The 
term was coined by Aristotle from the Greek words meco¬ 
nium arion, meaning “opiumlike,” because he believed that 
the substance induced fetal sleep. 1 1 Meconium is a sterile 
substance that is composed of swallowed amniotic fluid, 
salts, mucus, bile, and other cellular debris. In and of itself, 
meconium is harmless; however, if in utero the infant 
passes meconium into the amniotic fluid, it may cause 
serious airway obstruction, air trapping, and enhanced 
growth of bacteria. Furthermore, contents of the meco¬ 
nium can compete with surfactant components for adsorp¬ 
tion to the alveolar surface, and enzymes in meconium can 
break down certain surfactant components. 172 Thus it 
becomes a life-threatening entity that must be dealt with 
immediately. 

Incidence 

Despite changing strategies, meconium staining of the 
amniotic fluid (MSAF) happens in approximately 10% to 
15% of childbirths with incidence ranging from 5% to 25%. 
Meconium aspiration syndrome (MAS) develops in ap¬ 
proximately 4% to 10% of the infants born from an MSAF 
milieu. Of these neonates who develop MAS, one third re- 
quire ventilatory support, 10% develop air leaks, and in 
spite of appropriate management strategies, 5% to 10% of 
them have a fatal outcome. Of the babies who suffer 
PPHN, 5% to 6% are related to MAS. 173 

Because meconium passage into the amniotic fluid re- 
quires strong peristalsis and anal sphincter tone, which is 
not common in preterm infants, MAS rarely occurs in in¬ 
fants of less than 36 weeks of gestational age. 174 The longer 
a pregnancy is allowed to continue past 42 weeks, the 
greater the chances are of the passage of meconium; it may 
occur in 35% or more of pregnancies 42 weeks of gestation 
or longer. Aspiration most commonly occurs in utero. 
Aspiration with the initial postnatal breaths appears to be 
decidedly less common. The thicker the MSAF consis- 
tency, the greater the likelihood of MAS. The more de- 
pressed a baby is (as reflected by the need for PPV or low 
Apgar scores), the greater the likelihood of MAS. 1 ' 

Etiology and Pathophysiology 

Fetal passage of meconium has long been accepted as a 
sign of intrauterine stress or hypoxia. Theoretically, the 
infant becomes hypoxic in utero (possibly because of cord 


or fetal head compression or prolonged labor), which ex- 
hausts oxygen reserves, causing a vagal response, relaxed 
anal sphincter tone, and passage of meconium into the 
amniotic fluid. The normal intrauterine activity of the 
neonate involves the movement of small amounts (1 to 
5 ml) of amniotic fluid into and out of the upper airways. 
The potential of aspiration is always present, but chances 
are increased with hypoxia or stress because of greater re¬ 
spiratory effort and possibly gasping respirations in utero. 
Even more damaging is the aspiration that occurs after 
delivery of the chest when expansion allows the fluid or 
meconium, or both, to be dispersed even farther into the 
infant’s lungs. 176 

After delivery, the normal pulmonary mechanisms are 
hindered and the clinical picture varies drastically. The 
amount and viscosity or dilution of the meconium present 
may significantly affect the degree of obstruction that oc¬ 
curs. If the infant has a large amount of thick meconium 
within the airways at the time of delivery, complete bron- 
chiolar obstruction with subsequent alveolar collapse will 
result. The more typical picture, however, is that of smaller 
amounts of meconium within amniotic fluid, causing a 
ball-valve effect because of partial obstruction of the air¬ 
ways (Figure 22-6). 

Inflammation of the airways and secretion production 
(a normal body response to a foreign substance within the 
lungs) also occur, and a Chemical pneumonitis often devel¬ 
ops. 1 ' Studies have also suggested that meconium hinders 
surfactant, which may lead to atelectasis and decreased 
pulmonary compliance. 172,177,178 

It has been suggested that intrauterine hypoxia not only 
stimulates the passage of meconium but also causes re- 
structuring of the pulmonary vascular bed. The profound 
hypoxia may result in pulmonary vasoconstriction, which 
may be the reason that many infants with MAS quickly 
develop PPHN. 70 Figure 22-7 summarizes the pathophysi- 
ological events that occur with the passage of meconium 
and MAS. 



FIGURE 22-6 Air trapping behind particulate matter (i.e., me¬ 
conium) in an airway, which leads to alveolar overexpansion and 
rupture. Tidal gas passes the meconium on inspiration when the 
airway dilates (A) but does not exit on expiration when the 
airways constrict (B). (From Harris TR, Herrick BR. Pneumothorax 
in the newborn. Biomedical Communications, Tucson: Arizona 
Health Sciences Center, 1978.) 
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FIGURE 22-7 Pathophysiology ofthe meconium aspiration syndrome (MAS). (Redrawn from Wiswell TE, 
Bent RC. Meconium staining and the meconium aspiration syndrome. Pediatr Clin North Am 1993;40:957. 
Modified from Bacsik RD. Meconium aspiration system. Pediatr Clin North Am 1977;24:467.) 


Clinical Presentation and Diagnosis 

Clinical Presentation 

The infant with MAS is usually a term or post-term infant 
who has been delivered through MSAF (often referred to as 
pea soup) and has already experienced significant intrauter¬ 
ine stress or hypoxia. The history may include prolonged 
labor, breech delivery, and ominous fetal heart rate moni¬ 
tor tracings such as late decelerations or nonvariability. 

On completion of delivery, the physical examination 
often reveals a mature infant with yellowish skin, nails, 
and cord, as well as the postmature signs of peeling skin 
and long fmgernails. The umbilical cord may lack or have 
very little Wharton’s jelly. Depending on the extent of 
stress or hypoxia, the infant is depressed at birth, with low 
Apgar scores; however, some infants have 1-minute Apgar 
scores of S or more. The infant quickly exhibits signs of 
respiratory distress, including cyanosis, gasping respira¬ 
tions, grunting, retractions, nasal flaring, and tachypnea. 
The respiratory distress is often related to the viscosity of 


the meconium, with a thicker meconium causing more 
respiratory symptoms. 176 Auscultation of the chest reveals 
rales as well as areas of significantly diminished aeration, 
with the anteroposterior diameter of the chest often in- 
creased. The infant may or may not need immediate inter¬ 
vention, depending on the severity of the aspiration and 
the degree of hypoxia. 

Investigations 

ABG analysis indicates hypoxemia in infants with mild 
MAS having a normal pH and normal or decreased 
Paco 2 resulting from the increased respiratory effort. 
The infant may also have significant metabolic acidosis 
depending on the severity of the hypoxia before birth. 
The infant with moderate to severe MAS has increasing 
hypoxemia and hypercapnia. A combination of respira¬ 
tory and metabolic acidosis eventually develops as the 
infant is unable to overcome the obstructive and inflamma- 
tory processes. This progresses to the point of respiratory 
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failure and severe hypoxemia, alerting the physician to 
the probability of PPHN, which contributes substan- 
tially to morbidity. 1 9 

The CXR appearance varies according to the severity of 
the disease and complications. The typical CXR shows 
patchy areas of atelectasis caused by obstruction, as well as 
hyperexpansion from air trapping with flattening of the 
diaphragm sometimes noted on CXR. There is usually 
widespread involvement, with no particular area of the 
lungs being more affected (Figure 22-8). CXR of an infant 
with severe MAS may reveal total bilateral opacity with 
only large bronchi distinguishable. Pulmonary air leaks, 
including PIE, pneumothorax, and pneumomediastinum, 
may also be found. Cardiomegaly also might be detected, 
possibly as a manifestation of the underlying perinatal 
hypoxia. A normal CXR in an infant with severe hypox¬ 
emia and no cardiac malformation suggests the diagnosis 
of PPHN. 1 

Prevention 

Amnioinfusion (Injection of Normal 
Saline into the Amniotic Sac) 

In the past it was believed that by infusing fluid into the 
mother’s uterus, the uterine fluid volume would either 
dilute the meconium or alleviate compression of the cord 
and prevent gasping. However, current evidence proves 
that aminoinfusion does not reduce the risk of MAS. 180 

Intrapartum Nasopharyngeal 
and Oropharyngeal Suctioning 

Large, international, randomized, controlled trials proved 
that intrapartum nasopharyngeal and oropharyngeal suc¬ 
tioning does not reduce the incidence of MAS. 181 



FIGURE 22-8 Meconium aspiration syndrome with heteroge- 
neous pulmonary infiltrates in association with hyperinflated 
lungs. Note the area of focal hyperinflation in the right costo- 
phrenic angle. (From Arthur R. The neonatal chest x-ray. Paediatr 
Respir Rev 2001 ;2:311.) 


Potentially Dangerous Maneuvers 
of No Proven Benefit 

They include the following 

Cricoid pressure: application of pressure to the infant’s 
airway to prevent intratracheal meconium from de- 
scending into the lungs 

Epiglottal blockage: insertion of 1 to 3 fingers into the 
child’s airway to manually “close” the epiglottis over the 
glottis to prevent aspiration 

■ Thoracic compression: encircling the infant’s chest and 
applying pressure in an attempt to prevent deep inspi¬ 
ration prior to endotracheal cleansing 

None of these maneuvers has ever been scientifically 
validated and all are potentially dangerous (causing 
trauma, vagal stimulation, or induction of deep inhalation 
with chest recoil upon removing encircling hånds). 182 

Endotracheal Intubation and 
Intratracheal Suctioning in 
the Delivery Room 

The American Academy of Pediatrics Neonatal Resuscitation 
Program Steering Committee and the American Heart Asso¬ 
ciation have developed guidelines for management of the 
baby exposed to meconium. 183 The guidelines are under con- 
tinuous review and are revised as new evidence-based research 
becomes available. The current guidelines are as follows: 

■ If the baby is not vigorous (defined as depressed respira- 
tory effort, poor muscle tone, and/or heart rate less than 
100 beats per minute): Use direct laryngoscopy, intu- 
bate, and suction the trachea immediately after delivery. 
Suction for no longer than 5 seconds. If no meconium is 
retrieved, do not repeat intubation and suction. If meco¬ 
nium is retrieved and no bradycardia is present, reintu- 
bate and suction. If the heart rate is low, administer PPV 
and consider suctioning again later. Once the infant is 
intubated, the ETT should be used as a suction catheter 
with 80 to 100 cm H 2 0 negative pressure applied as the 
tube is withdrawn. Suction catheters inserted into the 
ETT are too small to aspirate thick meconium and may 
become clogged, delaying removal. More than one pass 
may be needed to clear the trachea of meconium. Saline 
lavage may be used to dilute the meconium while the 
infant continues to be intubated. All infants born with 
MSAF should be closely monitored. 

■ If the baby is vigorous (defined as normal respiratory 
effort, normal muscle tone, and heart rate greater than 
100 beats per minute): Do not electively intubate. Clear 
secretions and meconium from the mouth and nose us- 
ing a bulb syringe or a large-bore suction catheter. 

■ In both cases, the remainder of the initial resuscitation 
steps should ensue, including drying, stimulating, repo- 
sitioning, and administering oxygen as necessary. 

Gastric Suctioning 

Theoretically, postnatal suctioning of the gastric contents 
in meconium-stained infants could prevent postnatal reflux 
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or emesis and frank aspiration of MSAF, though routine 
gastric lavage before feeding did not decrease the incidence 
of MAS in babies born through MSAF. 184 

Treatment 

Supplemental Oxygen Therapy 

The goal is to maintain acceptable systemic oxygenation. 
Generally, this consists of sustaining peripheral oxygen 
saturation between 92% and 97% or Pao 2 between 60 and 
80 mm Hg. Because of the potential for gas trapping and 
air leaks, some advocate increasing Fio 2 to 1.0 before im- 
plementing more aggressive therapy (CPAP, mechanical 
ventilation, etc.). Typically, however, once Fio 2 require- 
ments exceed 0.60, more aggressive therapy is indicated. 

Oxygen is also a pulmonary vasodilator. Because aber- 
rant pulmonary vasoconstriction often accompanies MAS, 
clinicians often attempt to maintain higher than usual 
oxygenation early in the course of the disorder (saturation 
between 98% and 100% or Pao 2 between 100 and 120 mm 
Hg or even higher). 185 

Mechanical Ventilation 

In spite of early intervention with thorough suctioning, 
some infants will still acquire MAS. The infant who pre¬ 
sents with MSAF and progresses to a State of worsening 
respiratory distress and hypoxemia should be intubated 
and mechanically ventilated. This infant is a management 
challenge. 

Typically, conventional mechanical ventilation is pro- 
vided with pressure-limited mechanical ventilators. Some 
clinicians avoid volume-targeted ventilators because of an 
unsubstantiated fear of air leaks. Others avoid pressure 
control because of high flow rates and the propensity for 
gas trapping. 

Multiple strategies have been advocated, including use 
of ventilatory settings that will maintain arterial biood 
gases within normal ranges; hyperventilation in order to 
achieve respiratory alkalosis in an attempt to achieve 
pulmonary vasodilation; and “gentie” ventilation which 
allows for higher Paco 2 and lower pH and Pao 2 in 
an attempt to prevent lung injury (from barotrauma or 
volutrauma) and to prevent potential side effects from 
hypocapnia and alkalosis. 

To date, there have been no prospective, randomized 
trials comparing any of the various mechanical ventilator 
strategies in the management of MAS. Hence, no single 
approach can be considered optimal. 182 

High-Frequency Ventilation 

HFV has been used in MAS in the hope that the lower pres¬ 
sures and higher frequencies will prove advantageous. Ben- 
efits may include less barotrauma, increased mobilization of 
secretions, maintenance of respiratory alkalosis, and fewer 
chronic changes. High-frequency jet ventilation (HFJV) used 
with surfactant, but not alone, has been reported to im- 
prove oxygenation in MAS. 186 High-frequency oscillatory 


ventilation (HFOV), particularly when used with iNO, im- 
proved oxygenation and outcome in infants with PPHN and 
MAS. 18 However, the high airway resistance and obstructive 
nature of MAS may hinder the effectiveness of HFOV. 
Oxygenation is not necessarily improved with the use of 
either conventional ventilation or HFV. 

Surfactant Therapy 

Because surfactant within the lung may be hindered by the 
presence of meconium, surfactant replacement therapy 
can be considered as a treatment for MAS. 183 Bolus surfac¬ 
tant administration seems to reduce severity of respiratory 
symptoms, may reduce the disease progression, and may 
reduce the need for ECMO. 188 

An alternative approach is the use of dilute surfactant 
to lavage the lungs of infants with MAS. Two randomized, 
controlled trial have assessed lung lavage with dilute sur¬ 
factant. Infants receiving this therapy had more favorable 
outcomes, such as more rapid and sustained improvement 
in oxygenation, a shorter ventilator course, and decreased 
need for ECMO. 188 - 189 

Inhaled Nitric Oxide 

Among MAS babies in the various nitric oxide trials, there 
has been a slight decrease in the need for ECMO. However, 
there have been no significant differences in mortality, 
length of hospitalization, or duration of mechanical venti¬ 
lation. Currently, iNO should be considered in infants 
with concomitant PPHN who are not responding to con¬ 
ventional therapy. 190 

Steroid Therapy 

Corticosteroids are not recommended. Evidence support- 
ing the use of steroids in the management of MAS is 
insufficient. 191 

Extracorporeal Membrane 
Oxygenation 

ECMO is the therapy of last resort and is used when mor¬ 
tality is estimated to be very high, 50% to 80%. 192 

Other Therapies 

Other therapies used for treatment of neonates with MAS 
include chest physiotherapy, sedation, alkalosis, paralytic 
agents, and minimal stimulation. 185 Pressors (dopamine, 
dobutamine) or fluid boluses have been used to maintain 
high systemic biood pressure. 

Complications and Prognosis 

Complications of MAS are widespread and depend on the 
severity of the disease and the level of treatment necessary 
for survival. Barotrauma or air leak syndrome is always a 
risk with PPV, especially in the infant with MAS in whom 
the ball-valve effect produces air trapping. Because the 
infant is at significant risk for air leaks, a high index 
of suspicion is necessary. The patient should be closely 
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monitored for sudden deterioration, which could be 
indicative of tension pneumothorax. Immediate needle 
aspiration of the air or insertion of a chest tube, or both, 
may be indicated. 

Another serious complication in MAS is increased in- 
tracranial pressure. Because the cranium is a fixed cavity, 
volume capacity is limited. Venous drainage is inhibited by 
the increased intrathoracic pressures, creating a potential 
for elevated intracranial pressure. The neonate with un- 
stable vasculature who is already compromised may be 
predisposed to a higher incidence of IVH, and frequent 
ultrasonography of the head is performed to monitor for 
this complication. 

PPHN is associated with MAS in approximately one 
third of cases and contributes to the mortality associated 
with this syndrome. Echocardiography should be per¬ 
formed to ascertain the degree of right-to-left shunt and to 
exclude congenital heart disease as the cause. 

The mortality rate of meconium-stained infants is con- 
siderably higher than that of unstained infants. The de- 
cline in neonatal deaths caused by MAS during the last 
decades is related to improvements in obstetrical and neo¬ 
natal care. Residual lung problems are rare but include 
symptomatic cough, wheezing, and persistent hyperinfla¬ 
tion for up to 5 to 10 years. The ultimate prognosis 
depends on the extent of CNS injury from asphyxia and 
the presence of associated problems such as PPHN. 182 

PERSISTENT PULMONARY 
HYPERTENSION OF 
THE NEWBORN 

Definition 

PPHN is a clinical syndrome that occurs as a result of dis- 
ruption in the normal perinatal fetal-neonatal circulatory 
transition. It is characterized by sustained elevated PVR 
and alterations in pulmonary vasoreactivity resulting in 
right-to-left shunting of biood across the foramen ovale or 
the PDA. 15,193 Although the disorder is also referred to as 
persistent fetal circulation (PFC), this description is not 
quite accurate because of the absence of the placenta 
and onset of air breathing after delivery. Most authors 
have embraced PPHN as the proper name for this syn¬ 
drome, with the classic PFC subtype (idiopathic PPHN) 
representing a relatively small percentage of the cases now 
commonly encountered. 194 

PPHN is present when an infant with an echocardio- 
graphically confirmed structurally normal heart has the 
following conditions: (1) severe hypoxemia, usually a Pao 2 
between 37.5 and 45 mm Hg in an Fio 2 of 1.0 and IPPV if 
necessary; (2) mild lung disease, but the hypoxemia is dis- 
proportionately severe for the radiological, clinical, and 
acid-base abnormalities; (3) evidence of a right-to-left duc- 
tal shunt (Pao 2 gradient between a preductal (right radial 
artery) and a postductal (umbilical artery) site of biood 
sampling more than 20 mm Hg). In the absence of a ductal 


shunt; a large shunt may be demonstrated echocardio- 
graphically at the foramen ovale. 195 

Incidence 

PPHN occurs in 1 to 2 per 1000 live births and is most 
common among full-term and post-term infants and as¬ 
sociated with high risk of mortality. 196, 197 

Etiology and Pathophysiology 

PPHN can be idiopathic or secondary to different condi¬ 
tions, including intrapartum asphyxia, infection, pulmonary 
hypoplasia, congenital heart disease, MAS, RDS, or drug 
therapy. 196,198 Box 22-4 lists factors commonly associated 
with PPHN. 

In fetal life, the placenta functions as the organ for gas 
exchange. This function is facilitated by both shunting of 


Factors Associated with Persistent 
Pulmonary Hypertension of 
the Newborn 

STRUCTURAL LUNG AND HEART DISEASE 

• Congenital diaphragmatic hernia 

• Congenital cystic adenomatous malformation 

• Alveolar capillary dysplasia 

• Pulmonary hypoplasia 

' Congenital heart defects 

• In utero ductus arteriosus closure 
PERINATAL CLINICAL PREDICTORS 

• Postmaturity 

• Nonvertex presentation 

• Fetal distress 

• Cesarean section 

• Asphyxia 

• Twin-twin transfusion 

• Placental abruption 

• Intrauterine growth restriction 
POSTNATAL FACTORS 

• Sepsis 

• Inflammation 

• Oxidative stress 

• Antenatal drug exposure 

• ASA/NSAIDs 

• SSRIs 

• Cigarette smoking 
M ATERN AL HEALTH 

• Body mass index 

• Asthma 

• Diabetes mellitus 

• Urinary tract infection 

• Preeclampsia 
RACE AND GENDER 

• Black or Asian 

• Male 

ASA, Acetylsalicylic acid; NSAlDs , nonsteroidal anti-inflammatory 
drugs; SSRIs , selective serotonin reuptake inhibitors. 

Adapced from Delaney C, Cornfield DN. Risk factors for persistent 
pulmonary hypertension of the newborn. Pulm Circ 2012;2(1):15. 


Box 22-4 
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biood through the foramen ovale and the hypoxic pulmo- 
nary arteriole vasoconstriction, which causes the biood to 
bypass the lungs and move toward the placenta. At birth, 
the umbilical cord is cut and the lungs make the transition 
to becoming the organ for gas exchange. With the first 
postnatal breaths, PVR decreases dramatically. By 24 hours 
of life, 80% of the total decrease in PVR has occurred, 
with the remaining reduction taking place over the next 
2 weeks of life. The decrease in PVR occurs in response to 
(1) increase in Pao 2 and pH, (2) air expanding the lung, 
and (3) release of vasoactive substances, including pros- 
taglandins, bradykinin, and endogenous nitric oxide 
production. 199 

The fetus prepares for this transition late in gestation by 
increasing pulmonary vascular expression of nitric oxide 
synthases and soluble guanylate cyclase. The prostacyclin 
pathway is another important vasodilatory pathway. Prosta¬ 
cyclin stimulates adenylate cyclase to increase intracellular 
cAMP levels, which, as with cGMP, lead to vasorelaxation 
through a decrease in intracellular calcium concentrations 
(Figure 22-9). 

In infants with PPHN, this decrease in PVR either fails to 
occur or is reversed by pulmonary vascular hyperreactivity 
to irritating stimuli. PPHN is often characterized as one of 
three types: 

1. Maladaptation: structurally normal but abnormally con- 
stricted pulmonary vasculature caused by lung parenchy- 
mal diseases such as MAS, RDS, or pneumonia. 

2. Excessive muscularization: lung with normal paren- 
chyma but remodeled pulmonary vasculature charac¬ 
terized by increased smooth muscle cell thickness and 


distal extension of muscle to vessels that are usually 
nonmuscular. 194 Many factors promote vascular remod- 
eling in PPHN, such as an increase in pulmonary biood 
flow in utero; hypoxia; hyperoxia; various mediators, 
including endothelin type 1 (ET-1), platelet activating 
factor (PAF), reactive oxygen species (ROS), platelet- 
derived growth factor (PDGF), transforming growth 
factor (3 (TGF-(3), and other growth factors. On the 
other hånd, some mediators may inhibit vascular re- 
modeling, such as NO/cGMP pathway and vascular 
endothelial growth factor (VEGF). Thus stimuli sup- 
pressing these inhibitory signaling mechanisms may 
also contribute to pulmonary vascular remodeling. 200,201 

3. Hypoplastic vasculature: associated with underdevelop- 
ment of the pulmonary vasculature, as seen in congenital 
diaphragmatic hernia. This designation is imprecise, 
however, and high PVR in most patients likely involves 
overlapping changes among these categories. 194 

Clinical Presentation and Diagnosis 
Clinical Presentation 

PPHN should be suspected in all term infants who have 
cyanosis that may occur despite adequate ventilation. The 
recognition of risk factors for PPHN is one of the major 
diagnostic tools to differentiate babies with PPHN from 
those with structural heart disease, keeping in mind that 
idiopathic PPHN can present without signs of acute peri- 
natal distress. Marked lability in oxygenation is often part 
of the clinical history. 

The infant with PPHN usually presents within the first 
12 hours of life with cyanosis, tachypnea, and hypoxia 



FIGURE 22-9 Nitric oxide (NO) and prostacyclin (i.e., prostaglandin 12 [PCI 2 ]) signaling pathways 
that regulate pulmonary vascular tone in the developing lung. (From Steinhorn RH, Abman SH. Persis- 
tent pulmonary hypertension. In Gleason CA, Devaskar SU, editors. Avery’s disease of the newborn, ed 9. 
Philadelphia: Saunders, 2012.) 
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that are refractory to oxygen therapy and signs of respira- 
tory distress, including retractions, grunting, and nasal 
flaring. 202 

In vestigations 

CXR appearance varies depending on the associated disor- 
der. Early CXR are often clear, with minimal evidence of 
respiratory involvement, which is often perplexing in light 
of the severe cyanosis and respiratory distress the infant 
exhibits. Idiopathic and asphyxic PPHN may show well- 
expanded or hyperexpanded lungs with diminished vascu- 
larity, whereas PPHN resulting from pulmonary disorders 
(e.g., MAS, RDS, TTN) reveals abnormal pulmonary Ånd¬ 
ings characteristic of that particular disorder. Cardio- 
megaly may be evident and develops as a result of the 
increased right ventricular afterload caused by the pulmo¬ 
nary hypertension. 

ABG assessment reveals hypoxemia. Infants may hyper- 
ventilate because of the persistent hypoxemia. Hypocalce- 
mia and hypoglycemia may develop rapidly as well. 203 

Classic tests to assess PPHN evaluate the response in 
Pao 2 to hyperoxia and hyperoxia-hyperventilation. To con- 
firm PPHN, the Pao 2 should not increase appreciably with 
hyperoxia alone, but Pao 2 will usually rise above 100 mm 
Hg if the infant is hyperventilated until a Paco 2 of 20 to 
25 mm Hg is attained. Now, however, because of the 
known risk of oxidative injury and the potential for low 
Paco 2 levels to reduce cerebral biood flow, these tests are 
no longer considered safe. 

A Pao 2 gradient between a preductal (right radial ar- 
tery) and a postductal (umbilical artery) site of biood 
sampling more than 20 mm Hg suggests right-to-left 
shunting through the ductus arteriosus, as does an oxy- 
genation saturation gradient more than 5% between pre¬ 
ductal and postductal sites on pulse oximetry. However, a 
normal test result (difference in preductal and postductal 
samples less than 20 mm Hg) does not rule out PPHN 
because a subset of infants with PPHN have hemody- 
namic shunting only at the level of the foramen ovale. An 
abnormal test result can also occur in infants with some 
congenital heart defects. 

Real-time echocardiography combined with Doppler 
flow imaging studies demonstrates right-to-left or bidi- 
rectional shunting across a patent foramen ovale and a 
ductus arteriosus. Deviation of the intra-atrial septum 
into the left atrium is seen in severe PPHN. Tricuspid or 
mitral insufficiency may be visualized echocardiographi- 
cally together with poor contractility when PPHN is 
associated with myocardial ischemia. The degree of tricus¬ 
pid regurgitation can be used to estimate pulmonary artery 

IQ 3 

pressure. 

Differential Diagnosis 

A number of disorders, some of which are associated 
with secondary pulmonary hypertension, are misdiag- 
nosed as PPHN. Therefore, an important aspect of the 


evaluation of the infant with presumed PPHN is the 
effort to rule out competing conditions, including the 
following: 

1. Structural cardiovascular abnormalities associated with 
right-to-left ductal or atrial shunting, including the 
following: 

a. Obstruction to pulmonary venous return: infradia- 
phragmatic total anomalous pulmonary venous 
return, hypoplastic left heart syndrome, cor triatria- 
tum, congenital mitral stenosis 

b. Myopathic left ventricular (LV) disease: endocardial 
fibroelastosis, Pompe disease 

c. Obstruction to LV outflow: critical aortic stenosis, 
supravalvular aortic stenosis, interrupted aortic arch, 
coarctation of the aorta 

d. Obligatory left-to-right shunt: endocardial cushion 
defect, arteriovenous malformation, hemitruncus, 
coronary arteriovenous fistula 

e. Miscellaneous disorders: Ebstein anomaly, transpo¬ 
sition of the great arteries 

2. LV or right ventricular (RV) dysfunction associated with 
right-to-left hemodynamic shunting 

LV dysfunction as a result of ischemia or obstruction 
caused by myopathic LV disease or obstruction to LV out¬ 
flow might present with a right-to-left ductus arteriosus 
shunt. RV dysfunction may be associated with right-to-left 
atrial shunting as a result of decreased diastolic compli- 
ance and elevated end-diastolic pressure. 

These diagnoses must be differentiated from idiopathic 
PPHN caused by pulmonary vascular remodeling or vaso- 
constriction. Signs favoring cyanotic congenital cardiac 
disease over PPHN include cardiomegaly, weak pulses, ac- 
tive precordium, pulse differential between upper and 
lower extremities, pulmonary edema, grade 3+ murmur, 
and persistent preductal and postductal Pao 2 at 40 mm Hg 
or less. 193 

Treatment 

PPHN in an infant constitutes a medical emergency in 
which immediate, appropriate intervention is critical to 
reverse hypoxemia, improve pulmonary and systemic per¬ 
fusion, and minimize hypoxic-ischemic end-organ injury. 

Adequate respiratory support yields normoxemia and 
neutral or slightly alkalotic acid-base balance that facilitate 
the normal perinatal circulatory transition. Once stability 
is achieved, weaning should be accomplished conserva- 
tively with careful attention to the infant’s tolerance of 
each step in tapering cardiorespiratory support. 193 

1. General management: Includes maintenance of normal 
temperature, electrolytes (particularly calcium), glucose, 
hemoglobin, and intravascular volume. 

2. Minimal handling: Because infants with PPHN are ex- 
tremely labile, with significant deterioration after seem- 
ingly “minor” stimuli, this aspect of care deserves special 
mention. ETT suctioning, in particular, should be per- 
formed only if indicated and not as a matter of routine. 
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Noise level and physical manipulation should be kept to 
a minimum. 

3. Mechanical ventilation: Mechanical ventilation is almost 
always required to improve oxygenation, to achieve nor¬ 
mal lung volumes, and to avoid the adverse effects of 
high or low lung volumes on PVR. 194 
The goal of mechanical ventilation should be to main- 
tain normal FRC by recruiting areas of atelectasis, as well 
as to avoid overexpansion. Adjust ventilators to maintain 
adequate oxygenation and mild hyperventilation until 
stability is achieved for 12 to 24 hours after initially at- 
tempting to keep the oxygen saturation above 95%, Paco 2 
at 35 to 45 mm Hg, and pH at 7.35 to 7.45. 

HFV is an important modality if a newborn has under- 
lying parenchymal lung disease with low lung volumes. 
This modality is best used in a center with physicians who 
are experienced in achieving and maintaining optimal 
lung distention. The response to HFV can be rapid, 
and care must be taken to prevent hypocarbia and lung 
overdistention. 204 

Pharmacotherapy 

Pulmonary Vasodilator Agents. Guidelines for treat¬ 
ment with vasodilators are as follows: 

1. Inhaled nitric oxide (iNO): Nitric oxide (NO) is an en- 
dothelially derived gas-signaling molecule that relaxes 
vascular smooth muscle and that can be delivered to the 
lung by means of an inhalation device (INOvent; Ikaria, 
Clinton, NJ). 203 Treatment with iNO is indicated for 
newborns with an OI of 25 or more. The oxygenation 
index (OI; calculated as [mean airway pressure X Fio 2 
X 100]/Pao 2 ) is often used to gauge the severity of 
disease. 

2. Intravenous magnesium sulphate (MgS0 4 ) has been 
used as a vasodilator in the treatment of PPHN in some 
developing and developed countries. The disadvantage 
of MgS0 4 treatment is that it causes systemic vasodila- 
tion, and hypotension is a common side effect. 206 

3. Other agents that are still investigational include the 
following: 

Phosphodiesterase inhibitors (sildenafil) 19 
Prostacyclin analogues (epoprostenol, treprostinil, 
beraprost, and iloprost) 207 ' 209 

Endothelin receptor antagonists (bosentan and 
ambrisentan) 210 

Sedation and Analgesia. Because catecholamine re- 
lease activates pulmonary a-adrenergic receptors, thereby 
potentially raising PVR, a narcotic analgesic that blocks the 
stress response, such as fentanyl infusion (2 to 5 pg/kg/hr), 
is a useful adjunct therapy. 

For the full-term baby prone to fight the ventilator, neu- 
romuscular blocking agents should be used; in this situation 

there are theoretical reasons for preferring D-tubocurarine to 

?1 1 

pancuromum. 

Maintenance of Adequate Cardiac Output and Sys¬ 
temic Biood Pressure. The degree of right-to-left shunting 


depends on the pulmonary-to-systemic gradient. Avoidance 
of systemic hypotension is critical. CVP monitoring may be 
of benefit. 

Correct hypovolemia by administering volume expanders. 
Cardiotonic/vascular agents, such as dopamine, dobu- 
tamine, epinephrine, norepineprine, and milrinone, can 
be used. All have differing effects on PVR, SVR, and 
contractility. 

Antioxidant Therapy. An antioxidant therapeutic ap¬ 
proach may have multiple beneficial effects; scavenging 
superoxide may increase the availability of both endoge- 
nous and iNO and may also reduce oxidative stress and 
limit lung injury. 212 

Extracorporeal Membrane 
Oxygenation 

ECMO is being used in some centers for neonates with 
severe PPHN who are not responsive to less invasive thera- 
pies. ECMO is generally considered for infants with OI 
greater than 40 (see Chapter 20). 

Complications and Prognosis 

As recently as the late twentieth century, the mortality rate 
for PPHN was nearly 40%, and the prevalence of major 
neurological disability was 15% to 60%. 213 The introduc- 
tion of ECMO and other new therapies has had a major 
effect on reducing the mortality rate. 214 

NEONATAL APNEA 
Definitions 

Apnea is defined as an unexplained episode of cessation of 
breathing for 20 seconds or longer, or a shorter respiratory 
pause associated with bradycardia, cyanosis, pallor, and 
marked hypotonia. 

Apnea of prematurity (AOP) is defined as sudden ces¬ 
sation of breathing that lasts for at least 20 seconds or is 
accompanied by bradycardia or cyanosis in an infant 
younger than 37 weeks of gestational age. 

Apnea of infancy (AOI) generally refers to infants 
with a gestational age of 37 weeks or more at the onset of 
apnea. 

Acute life-threatening event (ALTE) is defined as an 
episode that is frightening to the observer and is character- 
ized by some combination of apnea (central or occasionally 
obstructive), color change (usually cyanotic or pallid but 
occasionally erythematous or plethoric), marked change 
in muscle tone (usually marked limpness), choking, or 
gagging. 

Sudden infant death syndrome (SIDS) is defined as 
sudden death o f an infant under 1 year of age that remains 
unexplained after a thorough case investigation, including 
performance of a complete autopsy, examination of the 
death scene, and review of the clinical history. 213 

Periodic breathing (PB) is defined as bursts of respira¬ 
tory activity of 20 seconds or less, separated by central 
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apneic pauses lasting from 3 to 10 seconds. Periodic 
breathing is present in almost all preterm babies but is 
relatively uncommon in term babies. The cause of periodic 
breathing remains obscure, although the finding that it is 
absent until 48 hours of age suggests that inactivity of 
peripheral chemoreceptors at this time might play a role. 216 

Classification 

Apnea traditionally is classified into three categories based 
on the presence or absence of upper airway obstruction: 

1. Central apnea is characterized by total cessation of in- 
spiratory efforts with no evidence of obstruction. 

2. In obstructive apnea the infant tries to breathe against an 
obstructed upper airway, resulting in chest wall motion 
without airflow through the entire apneic episode. 

3. Mixed apnea consists of obstructed respiratory efforts, 
usually after central pauses. 217 

Incidence 

Apneic spells occur frequently in premature infants. The 
incidence of apnea increases with decreasing gestational 
age. More than 50% of infants weighing less than 1500 g 
and 90% of infants weighing less than 1000 g will have 
apnea. Another 30% will have periodic breathing. Mixed 
apnea accounts for about 50% of all cases of AOP; about 
40% are central apneas, and 10% are obstructive apneas. 218 

Apneic spells generally begin at 1 or 2 days after birth; if 
they do not occur during the first 7 days, they are unlikely 
to occur later. Apneic spells persist for variable periods 
postnatally and usually cease by 37 weeks of gestational 
age. In infants born before 28 weeks of gestation, however, 
spells often persist beyond term gestational age. The mean 
time for severe AOP to resolve is approximately 43 weeks 
after conception, but a prolonged duration of risk is not 
uncommon. 

The incidence of apnea and periodic breathing in the 
term infant has not been adequately determined. Apneic 
spells occurring in infants at or near term are always 
abnormal and are nearly always associated with serious, 
identifiable causes, such as birth asphyxia, intracranial 
hemorrhage, seizures, or depression from medication. Fail- 
ure to breathe at birth in the absence of drug depression 
or asphyxia is generally caused by irreversible structural 
abnormalities of the CNS. 219 

Etiology and Pathophysiology 

Immaturity and depression of the central respiratory drive 
to the muscles of respiration have been accepted as key fac¬ 
tors in the pathogenesis of AOP. 220 Premature infants are 
believed to be susceptible to apneic episodes also because 
of immature afferent input from chemoreceptors and lung 
and airway receptors. 

Sleep-related response may be a factor in apnea and 
periodic breathing. Nearly 80% of a preterm infant’s time 
is spent sleeping, with approximately 90% of a sleep cycle 
spent in rapid eye movement (REM) sleep, and the infant 


often has difficulty making the transition between the 
sleeping and waking States. This may be associated with 
an increased risk for apnea. Also, overall muscle weakness 
(of both the muscles of respiration and the muscles that 
maintain airway patency) also plays an important role in 
pathophysiology. 218 

Secondary causes of apnea include the following: 

1. Temperature instability: hypothermia and hyperthermia 

2. Neurological: birth trauma, drugs, intracranial infections, 
intracranial hemorrhage, perinatal asphyxia, anesthetic 
drugs 

3. Pulmonary: RDS, pneumonia, BPD, pulmonary hemor¬ 
rhage, obstructive airway lesion, pneumothorax 

4. Cardiac: congenital cyanotic heart disease, hypotension/ 
hypertension, congestive heart failure, PDA 

5. Hematological: anemia, polycythemia 

6. Infections: sepsis, NEC 

7. Metabolic: hypoglycemia, hypocalcemia, hyponatremia, 
hypernatremia 

8. Inborn errors of metabolism 

9. Gastrointestinal: GER, esophagitis 221 

GER and apnea are common in preterm infants. Moni- 
toring studies have demonstrated that when a relationship 
between reflux and apnea is observed, apnea may precede 
rather than follow reflux. During an apneic episode, loss 
of respiratory neural output may be accompanied by a 
decrease in lower esophageal tone, and GER occurs. 222 

Clinical Presentation and Diagnosis 
Clinical Presentation 

Apnea presents in one of two ways: 

1. Apnea within 24 hours after delivery. Although apnea 
may be present at any time during the neonatal 
period, if it presents within the first 24 hours of life, it 
is usually not simple AOP. Apnea during this period 
must be suspected as being associated with infant or 
maternal pathological conditions (e.g., neonatal sep¬ 
sis, hypoglycemia, intracranial hemorrhage, maternal 
antepartum magnesium treatment, or maternal expo- 
sure to narcotics). 

2. Apnea after the first 24 hours of life. When apnea occurs af¬ 
ter the first 24 hours of life and is not associated with 
any other pathological condition, it may be classified 
as AOP. 

Apnea may also occur after weaning from prolonged 
ventilatory support and may be associated with intermit- 
tent hypoxia secondary to hypoventilation or atelectasis. 

Diagnosis 

A high index of suspicion is necessary to diagnose apnea. 
If significant apnea is detected, an extensive workup is re- 
quired to make an accurate diagnosis and develop a logical 
treatment plan. 

1. Monitoring of infants at risk: Close monitoring to evalu- 
ate possible causes of apnea should focus on respiratory 
rate and pattern, heart rate, circumstances preceding the 
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apneic episode, associated bradycardia, skin color, 
muscle tone, and termination of the episode (whether 
spontaneous, with stimulation, or with resuscitation). 

2. Detailed history and physical examination: After sta- 
bilization, the infant should be evaluated for a possi- 
ble underlying cause. History should be reviewed for 
onset of apnea; possible causes of secondary apnea 
including perinatal asphyxia, maternal drugs, features 
of neonatal sepsis, and feeding intolerance. The infant 
should be examined for temperature instability, hypo- 
tension, jaundice, pallor, cardiac murmur, and poor 
perfusion. 221 

3. Evaluation: The diagnostic evaluation is directed by 
the clinical presentation and the infant’s associated 
findings. It includes sepsis screen, CXR, and serum 
electrolyte determination. An echocardiogram and 
a cardiology referral are necessary if the history 
or physical examination suggests cardiac disease. An 
electrocardiogram (ECG) is useful when severe unex- 
plained tachycardia or bradycardia exists. Testing of 
serum ammonia levels as well as urine and serum 
amino acids and organic acids are indicated if a meta- 
bolic disorder is suspected. Intraesophageal pH re- 
cording with a multichannel recording should be 
used if GER is suspected as a precipitating event. An 
electroencephalogram (EEG) should be considered in 
infants suspected of having apneic seizures or having 
persistent pathological central apnea without an 
identifiable cause. A pneumogram is another tool 
in the diagnosis of apnea that is especially useful 
in the infant whose cause of apnea has not yet been 
identified. 218 

Treatment 
General Measures 

If an identifiable cause of apnea is determined, it should be 
treated accordingly. 

Care should be taken to avoid reflexes that may trigger 
apnea. Suctioning of the pharynx should be done care- 
fully, and oral feedings should be avoided. 

Positions of extreme flexion or extension of the neck 
should be avoided, to reduce the likelihood of airway 
obstruction. 

Oxygen saturation should be maintained between 
85% and 95%, with supplemental oxygen provided if 
needed. 

Gentie tactile stimulation is often adequate therapy for 
mild and intermittent episodes. 

• Avoiding swings in environmental temperature may 
prevent apnea. 219 

CPAP 

CPAP at moderate levels (4 to 6 cm H 2 0) can reduce the 
number of mixed and obstructive apneic spells. It is espe¬ 
cially useful in infants less than 32 to 34 weeks of gestational 
age and those with residual lung disease. 


Pharmacotherapy 

Xanthine Derivatives (Caffeine or Theophylline). 

Proposed mechanisms for xanthine derivatives include 
stimulation of skeletal and diaphragmatic muscle con- 
traction, increase in the respiratory center’s sensitivity to 
C0 2 , and stimulation of the central respiratory drive. 
Caffeine appears to be a safer drug, can be given less 
frequently than theophylline, and is more effective in 
treatmg apnea. 

Doxapram. Doxapram is a potent respiratory stim- 
ulant that has been shown to be effective when theoph¬ 
ylline and caffeine have failed. The duration of treat¬ 
ment with doxapram has been limited to 5 days, but 
the drug may be used longer if indicated. Side effects 
include abdominal distention, irritability, jitteriness, 
vomiting, increased biood pressure, and feed intoler¬ 
ance. Although doxapram reduces the number of ap- 
neas in the first 48 hours of its administration, there is 
no evidence to support its use as a first-line agent in the 
treatment of AOP above methylxanthines in current 
practice. 

Mechanical Ventilation 

Some infants continue to have apneic spells despite phar¬ 
macotherapy. If the apnea is severe and is associated 
with hypoxia or significant bradycardia, intubation and 
mechanical ventilation may be indicated. 

Discharge Planning and Follow-up 

A major issue in the management of infants with apnea is 
deciding when to stop administration of methylxanthines 
and whether or not the infant needs to be discharged on 
methylxanthines, a home monitor, or both. 

The answers to these questions are still under debate. 
Most neonatologists allow a 5- to 7-day apnea-free period 
after discontinuing xanthine therapy before sending a 
premature infant home without a monitor. 229 If home 
monitoring is recommended for persistent cardiorespira- 
tory events, it can usually be discontinued by 44 weeks of 
postconceptional age. 226 

Complications and Prognosis 

AOP does not alter an infant’s prognosis unless it is severe, 
recurrent, and refractory to therapy. AOP usually resolves 
by 36 weeks of postconceptional age and does not predict 
future episodes of SIDS. The associated problems of IVH, 
BPD, and ROP are critical in determining the prognosis 
for apneic infants. 219 

AIR LEAK SYNDROMES 
Definition 

Air leak syndromes include pulmonary interstitial emphy- 
sema, pneumothorax, pneumomediastinum, pneumoperi- 
cardium, pneumoperitoneum, subcutaneous emphysema, 
and systemic air embolism. 
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Incidence 

The incidence of air leaks in newborns is inversely related 
to the birth weight of the infants. 227 The incidence in pre- 
term infants is higher. The risk for air leaks is higher in 
infants with RDS, MAS, and pulmonary hypoplasia and in 
infants who need resuscitation at birth. CPAP and PPV 
further increase the incidence of air leaks. 4 Surfactant, use 
of synchronized or volume ventilation, and high-rate, low 
VT ventilation decrease the incidence of air leaks. 228 

The incidence of pneumothorax from 1990 to 2002 was 
13% in babies weighing less than 750 g and 2% in babies 
weighing 1251 to 1500 g. 4 

The incidence of PIE, pneumomediastinum, and pneu- 
mopericardium in the pre-surfactant era in mechanically 
ventilated babies weighing less than 1500 g was approxi- 
mately 20%, 3%, and 2%, respectively. 229 

Etiology and Pathophysiology 

Macklin 23 ” first described the passage of air from a rup- 
tured alveolus in the overdistended cat lung. Air moved up 
the vascular sheath into the mediastinum and from there 
into the pleural cavity. 

Overdistention of terminal air spaces or airways can 
result from uneven alveolar ventilation, air trapping, or 
injudicious use of alveolar distending pressure in infants 
on ventilatory support. 230 As lung volume exceeds physio- 
logical limits, mechanical stresses occur in all planes of the 
alveolar or respiratory bronchial wall, with eventual tissue 
rupture. 

Air can track through the perivascular adventitia, caus- 
ing pulmonary interstitial emphysema, or dissect along 
vascular sheaths toward the hilum, causing pneumomedi¬ 
astinum. Rupture of the mediastinal pleura results in 
pneumothorax. Pneumoretroperitoneum and pneumo- 
peritoneum may occur when mediastinal air tracks down- 
ward to the extraperitoneal fascial planes of the abdominal 
wall, mesentery, and retroperitoneum and eventually rup- 
tures into the peritoneal cavity. Air in the mediastinum can 
decompress into the fascial planes of the neck and skin, 
causing subcutaneous emphysema. 

Clinical Presentation 

A high index of suspicion is essential to initiate early diag- 
nosis and aggressive management. Extrapulmonary ex- 
travasation of air should be suspected in any infant with 
respiratory disease whose condition suddenly deteriorates. 
An increase in respiratory rate might be accompanied by 
grunting and increasing pallor or cyanosis. 

Neonates with spontaneous pneumothorax are usually 
asymptomatic or have mild signs of tachypnea with in- 
creased oxygen requirement. Occasionally, severe respira¬ 
tory distress (grunting, nasal flaring, and intercostal retrac- 
tions) may occur. In the ventilated neonate, pneumothorax 
may result in a rapid clinical deterioration, resulting in 
cyanosis, hypotension, hypoxemia, hypercapnia, and respi¬ 
ratory acidosis. In unilateral pneumothorax, the cardiac 


apex can be shifted away from the affected side and breath 
sounds decreased over that side. Some infants can develop 
distention of the involved hemithorax or a tensely dis- 
tended abdomen from downward displacement of the dia- 
phragm. Signs of shock can occur as a result of increased 
intrathoracic pressure that compromises venous return 
and decreases cardiac output. In preterm infants with RDS 
a pneumothorax often develops beyond the first days of 
life, when the severity of disease is decreasing and lung 
compliance is increasing. 

PIE often presents with a slow, progressive deterioration 
of the biood gases with the need for increasing ventilatory 
support. Rarely, the neonate has a sudden deterioration 
with profound respiratory acidosis and hypoxemia. It may 
precede the development of a pneumothorax or may occur 
independently. 232 

Pneumomediastinum occurs in at least 25% of patients 
with pneumothorax and is usually asymptomatic. The de- 
gree of respiratory distress depends on the amount of 
trapped gas. If it is great, bulging of the midthoracic area 
is observed, the neck veins are distended, and biood pres¬ 
sure is low. The last two findings are a result of tamponade 
of the systemic and pulmonary veins. Although often 
asymptomatic, subcutaneous emphysema, detected by 
palpation of crepitus in the face, neck, or supraclavicular 
region, in newborn infants is almost pathognomonic of 
pneumomediastinum. 22 

Neonatal pneumopericardium is almost invariably 
preceded by other forms of air leak. The clinical signs of 
pneumopericardium range from asymptomatic to the 
abrupt onset of cardiovascular compromise from cardiac 
tamponade, which is a life-threatening complication. The 
first sign of pneumopericardium may be a decrease in 
biood pressure or a decrease in pulse pressure. There may 
also be an increase in heart rate with distant heart 
sounds. 234 

Usually the pneumoperitoneum is of little clinical im¬ 
portance, but it must be differentiated from intraperitoneal 
air resulting from a perforated viscus. Rarely, pneumoperi¬ 
toneum can impair diaphragmatic excursion and compro¬ 
mise ventilation. In these cases, continuous drainage may be 
necessary. 

Systemic air embolism is a rare but usually fatal compli¬ 
cation of pulmonary air leak. Air may enter the vasculature 
either by disruption of the pulmonary venous system or by 
inadvertent injection through an intravascular catheter. 
The presence of air bubbles in biood withdrawn from an 
umbilical artery catheter can be diagnostic. 232 

Diagnosis 
Chest Radiograph 

CXR remains the gold standard for diagnosis of air leak 
syndromes. Pneumothorax with anteroposterior (AP) views 
shows a hyperlucent hemithorax, a separation of the vis- 
ceral from the parietal pleura, flattening of the diaphragm, 
and mediastinal shift (Figure 22-10). 
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FIGURE 22-10 A. Right-sided tension pneumothorax incom- 
pletely drained by the intercostal drain. There is flattening of 
the diaphragm and shift of the midline with compression of 
the left lung. B. Lateral view shows that the chest drain is 
angulated posteriorly and is not ideally sited to drain the 
anterior and subpulmonary collection of air leak (asterisk). 
(From Arthur R. The neonatal chest x-ray. Paediatr Respir Rev 
2001 ;2:311.) 


Smaller collections of intrapleural air can be detected 
beneath the anterior chest wall by obtaining a cross- 
table lateral view; however, an AP view is needed to iden- 
tify the affected side. The lateral decubitus view, with 
the side of suspected pneumothorax up, may be helpful 
in detecting a small pneumothorax and may help differ- 
entiate skin folds, congenital lobar emphysema, cystic 
adenomatoid malformations, and surface blebs that 
occasionally give the appearance of intrapleural air. 235 
The cross-table lateral view permits an optimal evalua- 
tion of the relative position of the lung, intrapleural 
air, and the tip of the chest tube in the supine 
newborn. 236 

PIE appears as linear or tiny cystic translucencies ex- 
tending from the hilum to the periphery of the lungs 
(Figure 22-11). When more severe, the lungs become 



FIGURE 22-11 Severe bilateral pulmonary interstitial emphy¬ 
sema following drainage of left pneumothorax by intercostal 
drain (short arrow). Note mediastinal air to the left of the spine 
tracking down to the peritoneal cavity (arrowheads). The dia¬ 
phragm is visible throughout its length, and there is increased 
translucency over the upper abdomen indicating a large pneumo- 
pericardium. Note the nasogastric tube is too short with the tip 
in the mid esophagus (long arrow). (From Arthur R. The neonatal 
chest x-ray. Paediatr Respir Rev 2001;2:311.) 


hyperexpanded and stiff, compressing the heart and me¬ 
diastinal structures and reducing venous return. PIE 
generally affects both lungs symmetrically but unilateral 
and even lobar distribution may be seen. 2 

Typical radiological signs of pneumomediastinum in- 
clude the continuous diaphragm sign (interposition of air 
between the pericardium and the diaphragm, which be- 
comes visible in the central mediastinal part) and linear 
bands of mediastinal air paralleling the left side of the 
heart and the descending aorta (pleura is shown as a fine 
opaque line) with extension superiorly along the great ves- 
sels into the neck. The “spinnaker sign” or “angel’s wings 
appearance” (an upward and outward deviation of thymic 
lobes) can be seen when the thymus is raised above the 
heart by pneumomediastinal air that elevates the thymus 
and separates it from the cardiac silhouette beneath 
(Figure 22-12). 238 

In pneumopericardium, AP views show air surrounding 
the heart. Air under the inferior surface of the heart is 
diagnostic (Figure 22-13). 

In systemic air embolism, gas can be seen in the sys- 
temic and pulmonary arteries and veins (Figure 22-14). 

Transillumination 

A high-intensity fiberoptic light source may demonstrate a 
pneumothorax. Transillumination of a chest with diffuse 
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giand outlined by air giving an “angel’s wings” appearance ( arrow- 
heads). (From Arthur R. The neonatal chest x-ray. Paediatr Respir 
Rev 2001 ;2:311.) 


FIGURE 22-13 Pneumopericardium has developed in asso¬ 
ciation with bilateral pulmonary interstitial emphysema. Note 
bilateral skinfolds at bases simulating a pneumothorax ( arrow- 
heads). (From Arthur R. The neonatal chest x-ray. Paediatr Respir 
Rev 2001 ;2:311.) 


and widespread PIE will result in increased transmission of 
light, similar to that seen in a pneumothorax. This tech- 
nique is less sensitive in infants with chest-wall edema or 
severe PIE, in extremely small infants with thin chest walls, 
or in full-term infants with thick chest walls or dark skin. 
We often obtain a baseline transillumination in infants at 
high risk for air leak. 239 

Needle Aspiration 

In a rapidly deteriorating clinical situation, thoracentesis 
or pericardiocentesis may confirm the diagnosis and be 
therapeutic in pneumothorax and pneumopericarium, 
respectively. 



FIGURE 22-14 Postmortem X-ray of a baby who died from sys- 
temic air embolism. Gas can be seen ( black arrows) within the heart 
and in the great vessels in the neck ( white arrows). (From Bancalari 
E: Bronchopulmonary dysplasia and neonatal chronic lung dis- 
ease. In Fanaroff AA, Martin RJ, editors. Neonatal-perinatal medicine 
diseases of thefetus and infant, ed 9. St Louis: Mosby-Elsevier, 2011.) 

Arterial Biood Gases 

Changes in ABG measurements are nonspecific and dem- 
onstrate a decreased Po 2 increased Pco 2 , and decreased pH. 

Eiectrocardiogram 

Decreased voltages, manifested by a shrinking QRS com- 
plex, are consistent with pneumopericardium. 235 

Prevention 

The best mode of treatment for all the air leak syndromes 
is prevention and judicious use of ventilatory support. 
Gentie ventilation with low pressure, low Vt, low Ti, high 
rate, and judicious use of PEEP are the keys to caring for 
mechanically ventilated infants. 227 The use of surfactant 
therapy for RDS has been shown to substantially decrease 
the incidence of pneumothorax and PIE. 228 

Both HFOV and HFJV can provide adequate gas ex- 
change using extremely low Vt and supraphysiological 
rate in neonates with acute pulmonary dysfunction, 
and they are considered to have the potential to reduce 
the risks of air leak syndrome in neonates. 227 Fast 
rate ventilation (more than 60 beats per minute) may 
reduce active expiration, a precursor of air leaks. This 
is done in an attempt to provoke more synchronous 
respiration. 

Patient-triggered ventilation reduces the incidence of 
air leak by synchronizing respiration. Using this mode of 
ventilation, the infant’s respiratory efforts trigger the 
delivery of the positive pressure inflation. Flow cycling 
enables complete synchronization, even in expiration. 









442 


SECTION IV • Neonatal and Pediatric Disorders: Presentation, Diagnosis, and Treatment 


Providing “routine” paralysis to abolish the baby’s res¬ 
piration does not prevent pneumothorax when compared 
with synchronous ventilation. 240 Hence, synchronizing the 
baby’s ventilation by increasing the respiratory rate up 
to 60 to 80 breaths per minute can prevent the need for 
paralysis. If the baby’s oxygenation does not improve and 
if obvious respiratory effort continues in spite of high 
rates, paralysis may be beneficial. 228 

Treatment 

Conservative Management 

Without a continued air leak, asymptomatic and mildly 
symptomatic small pneumothorax requires only close 
observation. Conservative management of a pneumo¬ 
thorax is effective even in selected infants requiring ven- 
tilatory support. Frequent small feedings may prevent 
gastric dilation and minimize crying, which can further 
compromise ventilation and worsen the pneumothorax. 
Breathing 100% oxygen in term infants accelerates the 
resorption of free pleural air into biood by reducing the 
nitrogen tension in biood and producing a resultant 
nitrogen pressure gradient from the trapped gas in 
the biood, but the clinical effectiveness is not proven and 
the benefit must be weighed against the risks of oxygen 
toxicity. 

In generalized PIE, an attempt should be made to 
decrease ventilatory support and lessen lung trauma. 
Decreasing the PIP, decreasing the PEEP, or shortening 
the Ti may be required. All these maneuvers will decrease 
injury and possibly improve PIE. During this time, some 
degree of hypercapnia and hypoxia may have to be 
accepted. In unilateral PIE, positioning the infant 
with the affected side down minimizes aeration of the 
affected lung and promotes aeration of the unaffected 
lung. 241 

Needle Aspiration 

Needle aspiration using a “butterfly” needle or intrave- 
nous catheter with an inner needle is indicated to treat a 
patient with symptomatic pneumothorax. Needle aspi¬ 
ration may be curative in infants not receiving mechani- 
cal ventilation and is often a temporizing measure in 
mechanically ventilated infants. In infants with severe 
hemodynamic compromise, needle aspiration may be a 
lifesaving procedure. 21 '' 

In pneumoperitoneum, needle aspiration can be used 
as a temporizing measure or as treatment. Following the 
general procedure for needle aspiration of pneumothorax, 
the needle is inserted in the midline approximately 1 cm 
below the umbilicus. Negative pressure is applied while the 
needle is advanced through the peritoneum and air is 
evacuated. 232 

Chest Tube Drainage 

In infants with lung disease, the presence of a pneumo¬ 
thorax accentuates the respiratory difficulty and requires 


prompt, if not urgent, decompression. This consists of the 
placement of a large-bore, multiple-holed chest tube into 
the pleural space, anterior to the lung. Anterior placement 
in the pleural space is best achieved by insertion of the 
tube into the chest at or just lateral to the anterior axillary 
line. The tube should then be connected to an underwater 
seal at a suction pressure of 10 to 20 cm H 2 0. The chest 
tube should be introduced under sterile conditions and 
secured with a purse-string suture. 

Dramatic improvement in color and circulation fol- 
lows the relief of a tension pneumothorax, which can be 
confirmed by repeat transillumination. The ease with 
which the lung can be reexpanded depends to a large 
extent on the compliance of the underlying pulmonary 
tissue. Expansion is particularly slow in infants with 
hypoplastic lungs associated with a congenital diaphrag- 
matic hernia. 

Suction should be maintained until fluctuation of air in 
the tube and active bubbling have ceased. At this time the 
tube should be clamped and removed within 24 hours 
if there has been no reaccumulation of air in the pleural 
cavity. 

In pneumopericardium, decompression is essential and 
requires the placement of a pericardial drain via the subxi- 
phoid route or repeated pericardial taps. 4 

Other Treatments 

Severe cases of unilateral PIE may respond to collapse of 
the affected lung by selective bronchial intubation of the 
unaffected lung. In cases of severe PIE, surgical lobectomy 
may be considered. 242 

HFJV is a successful means of ventilation for infants 
with PIE and with other types of pulmonary air leaks. 
This mode results in improved ventilation at lower peak 
and mean airway pressures with more rapid resolution 
of PIE. The earlier that HFV is initiated after the onset of 
PIE or pulmonary air leak, the greater the chances for 
survival. 243 

Complications and Prognosis 

The prognosis for the infant in whom an air leak devel- 
ops depends on the underlying condition. It has been 
suggested that early recognition and treatment are ben¬ 
eficial to avoid damage as a result of hypoxemia, hyper¬ 
capnia, and impaired venous return.- 44 However, it must 
be remembered that early-onset PIE (more than 24 hours 
of age) is associated with a high mortality rate. 245 Severe 
pulmonary air leak syndromes are associated with an 
increased risk of IVH, RDS, and death. 246 

PULMONARY HEMORRHAGE 
Definition 

Pulmonary hemorrhage is an acute, catastrophic event 
characterized by discharge of bloody fluid from the upper 
respiratory tract or the ETT. It is a form of fulminant lung 
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edema with leakage of red biood cells and capillary filtrate 
into the lungs. 247 

Incidence 

About 1.4% of all infants admitted to the NICU have been 
reported to develop pulmonary hemorrhage; more than 
80% have RDS. Such infants are also likely to have been 
treated with exogenous surfactant and were receiving 
mechanical ventilatory support at the time of bleeding. 

The incidence is inversely proportional to gestational 
age, especially between 23 and 28 weeks of gestation. 248 
In infants with a birth weight less than 1500 g and 
treated with surfactant, the incidence was reported to be 
11.9%. 249 In autopsy studies, pulmonary hemorrhage of 
any degree is even much more prevalent. Some studies 
report hemorrhage in up to about 80% of autopsied 
VLBW neonates. Among infants requiring ECMO ther- 
apy, about 6% (range 5% to 10%) of infants have been 
reported to develop pulmonary hemorrhage either dur¬ 
ing or after ECMO. 248 

Risk Factors 

Risk factors include conditions predisposing the infant to 
increased left ventricular filling pressures, increased pul¬ 
monary biood volume, compromised pulmonary venous 
drainage, or poor cardiac contractility. 

1. Prematurity , RDS, and exogenous surfactant therapy. In 
combination, these three are the most consistent risk 
factors for pulmonary hemorrhage, especially in infants 
less than 28 weeks of gestation (or birth weight less 
than 1000 g). The rate of complication is not influenced 
by the type of surfactant used or its time of administra¬ 
tion (prophylactic, early, or rescue). 21,250 

2. Preterm infants with echocardiographic evidence of 
a large left-to-right shunt across a PDA and a high pulmo¬ 
nary biood flow have a high incidence of pulmonary 
hemorrhage. 251 

3. Infants who are small for gestational age are more likely to 
suffer a pulmonary hemorrhage, the association being 
independent of other factors. 252 

4. Lung complications. PIE and pneumothorax. 

5. Infections. Bacterial, viral, or fungal infections, such 
as Listeria, Haemophilus influenzae, and congenital s, have 
been reported to be associated with pulmonary hemor¬ 
rhage. 255 

6. General clinical status. Metabolic acidosis, especially 
in infants with RDS; hypothermia; hypoglycemia; 
shock; and disseminated intravascular coagulation 
(DIC). 

7. Meconium aspiration syndrome, especially infants requir¬ 
ing ECMO. 

8. Inherited coagulation disorders. Although rare, one must 
consider familial bleeding disorders, such as von 
Willebrand disease. A report by the Centers for Dis- 
ease Control and Prevention (CDC) found that von 
Willebrand disease was the underlying condition in 


two of five infants dying from idiopathic pulmonary 
hemorrhage. 254 

9. Trauma. Mechanical injury to the vocal cords, trachea, 
or other laryngeal and oropharyngeal structures, espe¬ 
cially from endotracheal intubation. 

Pathophysiology 

The underlying mechanisms of pulmonary hemorrhage 
remain uncertain. The pulmonary effluate has very high 
protein content, as well as a large number of cellular ele¬ 
ments from the biood. Thus the hemorrhage may be a 
consequence of increased transcapillary pore size. A series 
of interrelated factors may lead to an eventual bleeding 
episode. 

Some experts consider pulmonary hemorrhage as a 
manifestation of an exaggerated hemorrhagic pulmonary 
edema brought about by an acute increase in pulmonary 
biood flow. The latter can occur from multiple, interre¬ 
lated causes, including the normal postnatal drop in the 
pulmonary vascular resistance, improved pulmonary com- 
pliance after surfactant therapy, and normal postnatal 
absorption of lung fluid. These changes may lead to an 
acute increase in pulmonary biood flow and hemorrhagic 
pulmonary edema. 247 

Clinical Presentation and Diagnosis 
Clinical Presentation 

Pulmonary hemorrhage commonly occurs between the 
second and fourth day of life. Clinically the onset of mas¬ 
sive pulmonary hemorrhage is heralded by sudden dete- 
rioration of the infant with pallor, cyanosis, bradycardia, 
or apnea. Pink or red frothy liquid drains from the mouth 
or can be suctioned through an ETT. The baby usually is 
hypotensive and is often limp and unresponsive, although 
term babies may occasionally be active and restless sec- 
ondary to hypoxemia and fight the ventilator. Occasion¬ 
ally collapse antedates the overt hemorrhage by an hour 
or two and rarely the baby looks surprisingly well despite 
the production of copious blood-stained pulmonary 
edema. 255 

Because the condition is commonly secondary to heart 
failure, the infant may have a tachycardia and the murmur 
of a PDA is often heard. 56 Other signs include hepato- 
splenomegaly, peripheral edema, and a triple rhythm. Aus- 
cultation of the chest reveals widespread crepitations with 
reduction in air entry. In infants who survive the acute 
episode, widespread pulmonary inflammation from biood 
in the lung tissues can lead to later complications, such as 
pneumonia and a prolonged need for assisted ventilation 
and the development of BPD. 247 

Diagnosis 

CXR of infant with massive pulmonary hemorrhage shows 
a virtual “whiteout” with just an air bronchogram visible 
(Figure 22-15). As the condition improves with IPPV, the 
changes may clear or merge into those of BPD. Rarely, a 
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FIGURE 22-15 ChestX-ray of preterm infant (24 weeks ofgesta- 
tional age) with severe respiratory distress syndrome (A) just before 
and (B) after pulmonary hemorrhage. (From Narasimhan R, 
Papworth S. Pulmonary hemorrhage in the neonate, Paediatr Child 
Health 2009; 19:1 71.) 


lobar pattern of consolidation is found, suggesting that 
the hemorrhage has just occurred in a part of the lung. A 
daily CXR should be obtained because of the high ventila¬ 
tor pressures that are often required and the potential 
complications 255 

Biood gases should be meticulously supervised. Clot- 
ting studies should be done daily until they normalize. All 
components of the biood gas might deteriorate rapidly 
with severe hypoxia, hypercapnia, and metabolic acidosis. 
Although the hematocrit of the edema fluid is usually less 
than 10%, considerable quantities of biood can be lost, the 
baby can become severely anemic, and secondary DIC can 
develop. 2 ' 


Biochemical investigations show that infants with pul¬ 
monary hemorrhage usually have the same problems as 
those with severe RUS, namely hypoglycemia, hypocalce- 
mia, hypoalbuminemia, and renal failure, and these should 
be sought and remedied. 

The possibility of infection should be considered, and 
the infant should have a sepsis screening. 

An echocardiogram is indicated to exclude significant 
PDA in infants with pulmonary hemorrhage, even in the 
absence of a typical “PDA murmur,” or a wide pulse pres¬ 
sure or hyperdynamic precordium. 248 

Prevention 

Antenatal Corticosteroids. Enhancing lung maturity 
through the use of antenatal corticosteroids may reduce 
pulmonary hemorrhage through its indirect effect on the 
lungs and pulmonary vascular bed. 

Preventing PDA. Although early indomethacin or 
ibuprofen therapy has shown a strong effect in reducing 
the incidence of significant PDA, whether such a strategy 
will affect pulmonary hemorrhage incidence is unclear. 
Monitoring for PDA and its prompt therapy should be 
the mainstay for preventing pulmonary hemorrhage. 248 

HFOV. In a large trial the incidence of pulmonary 
hemorrhage was 2% in a group of small preterm infants 
treated with HFOV, compared with 7% in the conventional 
mechanical ventilation group. 258 

Treatment 

Resuscitation 

Initial resuscitation is the priority. The airway should 
be cleared with suction, and the infant should be intu- 
bated and ventilated and/or the ventilator pressures 
increased. The circulatory volume should be restored 
with boluses of colloid 20 ml/kg, a combination of 
fresh frozen plasma, biood, and platelets, with regular 
reassessment. 

Ventilation 

All babies with massive pulmonary hemorrhage should be 
intubated and ventilated. They usually have severe lung 
disease, and a PIP above 30 cm H 2 0 may be required. A 
ventilation strategy of high PEEP (up to 6 to 7 cm H 2 0) is 
used with a long Ti (0.4 to 0.5 seconds). Although in ex- 
perimental studies this does not reduce the total lung wa- 
ter, it redistributes it back into the interstitial space, im- 
proving oxygenation and ventilation-perfusion balance. 
Frequent suctioning may be required to keep the ETT 
clear. 259 - 260 

Surfactant 

Paradoxically, although surfactant may precipitate pulmo¬ 
nary hemorrhage, after stabilizing the baby on the ventilator 
a single dose of surfactant has been suggested to improve 
oxygenation. 261 
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Circulation 

Intermittent colloid infusions and inotropes are often re- 
quired to maintain the biood pressure and cardiac contrac- 
tility. Biood transfusions may be required to correct anemia 
and fresh frozen plasma for clotting derangements. After 
the first 24 to 48 hours, when the baby has become stable 
on IPPV, acid-base disturbances have been corrected, and 
septicemia (if present) treated, the coagulation problems 
usually remit and further factor replacement is not usually 
necessary. 

Once the initial circulating volume is restored, the 
infant must be reassessed for signs of left ventricular 
failure and pulmonary edema. In such cases, furosemide 
(1 mg/kg) should be given as soon as possible after the 
hemorrhage and repeated as necessary, to treat fluid 
overload. 255 

Fluid input should be restricted to 60 to 80 ml/kg/ 
24 hours, particularly if there is a coexisting PDA. While 
the baby is critically ill, the use of indomethacin or equiv- 
alent for treating PDA is contraindicated, but this should 
be reconsidered 24 to 48 hours later, once the coagulopa- 
thy is controlled and the hypoxia and acid-base disorders 
corrected. 262 

Other Measures 

Other measures that could be taken to stop pulmonary 
hemorrhage include the following: 

Recombinant factor Vlla , a vitamin K-dependent glyco- 
protein, structurally similar to the plasma-derived natural 
factor VII, is considered a universal hemostatic agent. This 
drug has also been used with success in two isolated cases 
of neonatal pulmonary hemorrhage at a 50 |jLg/kg/dose, 
repeated every 3 hours for 2 to 3 days. More work is needed 
to establish the dosage and the frequency of its adminis¬ 
tration, as well as to assess the consistency of response in 
neonatal pulmonary hemorrhage. 254 
Nebulized epinephrine with or without 4% cocaine has 
been found to temporize massive bleeding. Experience 
using these drugs in newborns is limited. 248 
Broad-spectrum antibiotics should be started after tak- 
ing cultures because sepsis is a recognized cause of 
pulmonary hemorrhage. 247 

Complications and Prognosis 

These babies are susceptible to all the major complications 
of respiratory failure. High-pressure ventilation predis- 
poses to air leaks and BPD is a common sequelae. 249 At the 
time of their sudden collapse they are susceptible to neu- 
rological damage and major IVHO; the occurrence of cere¬ 
bral bleeds may be doubled in babies who suffer pulmo¬ 
nary hemorrhage, 252 and the occurrence of seizures is 
increased in infants with pulmonary hemorrhage. 265 In the 
modern era of intensive care, survival is improved, but af- 
fected infants are the sickest and most immature and their 
mortality rate is of the order of 38%. 262 


CASE STUDY 1 


A 3.7-kg male newborn delivered via an elective cesarean 
section at 41 weeks of gestation. Apgar scores were 7 and 
8 at 1 and 5 minutes, respectively. The infant’s tempera¬ 
ture is 96.4° F (35.8° C), respiratory rate is 92 breaths per 
minute, and heart rate is 143 beats per minute. He has 
subcostal and intercostal retractions. The remainder of 
the examination is normal. CXR is shown in Figure 22-5. 
Over the next 6 hours she improves and no longer requires 
oxygen. 

What is the diagnosis? 

The parents are worried about his prognosis. What would 
you tell them? 


See Evolve Resources for dnswers. 


CASE STUDY 2 


A 3.5-kg female infant is vaginally delivered with amniotic 
fluid stained with thick meconium. She is blue and tachypneic 
with Apgar scores of 4 and 6 at 1 and 5 minutes, respectively. 
The infant’s temperature is 98.4° F (36.9° C), heart rate is 
173 beats per minute, respiratory rate is 110 breaths per 
minute, and mean biood pressure is 61 mm Hg. She has a 
I barrel-chest with subcostal retractions and poor to fair air 
entry. Coarse crepitations are audible bilaterally. CXR is 
shown in Figure 22-8. 

What is your provisional diagnosis? 

How would you resuscitate this neonate? 


See Evolve Resources for dnswers. 


\ KEY POINTS 

• Respiratory distress is encountered often in newborns, 
typically caused by abnormal respiratory function 
during the transition from fetal to neonatal life, and 
represents the most common indication for reevalua- 
tion of the young infant. 

• Because respiratory distress in the newborn may be a 
potentially life-threatening condition, physicians are 
expected to assess and manage affected infants 
promptly. 

• The key to successful management of the infant who 
has respiratory distress is based on the ability to 
obtain a complete maternal and newborn history, 
perform a thorough physical examination, and recog- 
nize the common respiratory disorders. 

• Therapies for neonatal respiratory diseases are in a 
constant State of evolution, and both new and old 
therapies must be continuously reevaluated. 
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[ ASSESSMENT QUESTIONS 

See Evolve Resources for cmswers. 

1. A newborn with 25 weeks of gestational age appears 
cyanotic, and ABG analysis indicates hypoxia and hyper- 
capnia. The infant has severe chest wall retractions with 
inspiratory eflfort. The amniotic fluid appeared normal at 
birth. What is most likely the cause of respiratory distress? 

A. Surfactant deficiency 

B. Meconium aspiration syndrome 

C. Pneumonia 

D. Bronchopulmonary dysplasia 

2. An infant diagnosed with RDS subsequent to lung prema- 
turity is receiving oxygen therapy with an F 1 O 2 of 0.8 and 
NCPAP set at 10 cm H 2 0. The infant is experiencing pro¬ 
gressive hypercapnia, and apneic episodes are appearing 
prolonged. The next logical course of action is to: 

A. Increase the Fio 2 by 0.1 and look for improvements 
in ABG parameters. 

B. Start iNO therapy to improve the lung V/Q ratio. 

C. Increase NCPAP to 1 2 cm H 2 0 and refit the nasal 
prongs. 

D. Intubate the infant and begin mechanical ventilation. 

3. A full-term infant is delivered via cesarean section and 
demonstrates mild symptoms of respiratory distress, 
including cyanosis, tachypnea, and nasal flaring. Apgar 
scores are good, and CXR shows hyperexpansion and peri- 
hilar streaking. Which situation most likely fits this case? 

A. This infant is in the “honeymoon” period and is 
expected to develop more severe RDS. 

B. Th is infant has TTN and will likely recover 
completely by 72 hours. 

C. This infant is in the early stages of pneumonia and 
should be started on broad-spectrum antibiotics. 

D. Th is infant likely has elevated PVR and a hyperoxia 
test should be performed to confirm PPHN. 

4. A 4-day-old infant, born at 27 weeks of gestational 
age, develops recurrent symptoms of RDS. The infant 
had been removed from mechanical ventilation and 
extubated at day 3 and was receiving NCPAP with an 
Fio 2 of 0.4 when lungfunction acutely worsened. CXR 
shows a widespread, diffuse granular pattern, and 
analysis of arterial biood samples from the umbilical 
line demonstrates that oxygen saturation is refractory 
to increases in Fio 2 . The most likely cause for these 
recurrent symptoms of RDS is: 

A. Progressive periods of apnea 

B. Patent ductus arteriosus 

C. Meconium aspiration syndrome 

D. Postnatal pneumonia 

5. A newborn infant begins to develop symptoms of respi¬ 
ratory distress at 5 days of life. A cerebrospinal fluid 
culture test is positive for group B Streptococcus infec- 
tion. Which mode(s) of transmission is most likely the 
cause of the infection? 

A. Transplacental or perinatal 

B. Transplacental only 

C. Perinatal or postnatal 

D. Postnatal only 


6. Which condition would be most critical in leading 
the caregiver to anticipate MAS? 

A. Desaturation refractory to oxygen therapy 

B. Yellowish-green amniotic fluid 

C. Distinet chest wall retractions with inspiratory 
efforts 

D. Cyanosis and nasal flaring 

7. Which fetal assessments may suggest that, when 
born, an infant will be at risk for MAS? 

A. Fetal oligohydramnios 

B. Abnormal fetal heart rate tracings 

C. Both A and B 

D. Neither A nor B 

8. PPHN can be associated with which underlying 
pulmonary disorders? 

A. MAS 

B. RDS 

C. None (idiopathic) 

D. All of the above 

9. A full-term newborn diagnosed with PPHN is 
refractory to oxygen therapy and mechanical 
ventilation. What would be the next logical therapy 
to try? 

A. High-frequencyventilation 

B. Vol urne therapy 

C. iNO therapy 

D. All would be have potential benefits 

10. A newborn of 34 weeks of gestational age is experi¬ 
encing brief periods of apnea, which result in 
bradyeardia and cyanosis. Biood and cerebrospinal 
fluid cultures are negative for infection. Which 
intervention(s) can help reduce the incidence of 
apneic episodes? 

A. Upright positioning 

B. Temperature stability 

C. Low Fio 2 of 0.23 to 0.25 

D. All of the above 

11. A 30-weeks gestational age newborn has been on 
the ventilator for 9 weeks with Paco 2 values around 
60 and Pao 2 values around 60, despite inereased 
ventilator settings. CXR reveals atelectasis, hyperlu- 
cencies, cystic changes, hyperinflation, and mild 
cardiomegaly. The most likely diagnosis is which of 
the following? 

A. Cystic fibrosis 

B. Bronchopulmonary dysplasia 

C. Bacterial pneumonitis 

D. Pulmonary interstitial emphysema 

E. Meconium aspiration 

12. Among the following, the information that is most 
helpful in distinguishing cyanotic heart disease from 
pulmonary parenchymal disease in a newborn who 
has respiratory distress is: 

A. Decreased Po 2 in biood gas analysis 

B. Gestational age less than 32 weeks 

C. Maternal infection during the third trimester 

D. Respiratory rate of 70 breaths per minute 

E. Results ofa hyperoxia test 
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Knowledge of the anatomy and pathophysiology of vari- 
ous congenital anomalies and acquired conditions in 
childhood is crucial to the proper respiratory care of these 
patients. Many times the respiratory therapist (RT) is the 
first caregiver to recognize that a pathological condition 
exists and may be able to make the preliminary diagnosis. 
This early knowledge can improve respiratory care, espe- 
cially in emergent situations. 

This chapter focuses on the anatomical and physiologi- 
cal characteristics of the most common congenital anoma¬ 
lies treated by surgery and focuses on the some of the new 
and sometimes controversial treatments. 

CHOANAL ATRESIA 

A newborn infant is an obligate nasal breather, so the pres- 
ence of complete nasal obstruction by choanal atresia re¬ 
sults in immediate respiratory distress and possible death 
by asphyxia. Choanal atresia may be unilateral or bilateral. 
During the newborn’s first breaths, the tongue becomes 
directly associated with the hard and soft palates, creating 
a vacuum. An oral airway should be inserted and main- 
tained to relieve the airway obstruction. 

The exact embryological malformation causing choanal 
atresia is unknown; however, certain theories now point to 
a failure of mesodermal flow to reach preordained posi¬ 
tions in the facial process. Any abnormalities in this flow 
would affect the normal penetration of the nasal pits and 
the thinning that allows breakthrough at the anterior 
choana. 1 

Choanal atresia occurs in approximately 1 in 700 live 
births, with females affected 2:1 over males. Unilateral 
choanal atresia is twice as common as bilateral choanal 
atresia. The majority of these atresias are due to bony ob¬ 
struction or obliteration of the nasal apertures at either 
the anterior or posterior nasal choana. Fifty percent of 
patients with choanal atresia have associated congenital 
anomalies that are either craniofacial or part of a cluster of 
defects known by the acronym CHARGE (colobomas, 
congenital heart defects, choanal atresia, retarded develop- 
ment, genital hyperplasia, and ear anomalies). Choanal 
atresia is often associated with isolated congenital heart 
defects. 

The clinical presentation of choanal atresia may be se- 
vere, with immediate respiratory distress that requires in- 
tubation or an oral airway. Unilateral atresia, which may 
present as a unilateral mucoid discharge, may not cause 
acute respiratory distress. Bilateral choanal atresia is a 
neonatal emergency. At birth, the infant with bilateral 
choanal atresia will require resuscitation to raise the sus- 
picion of a bilateral defect. Alternatively, bilateral atresia 
or a secondarily obstructed unilateral atresia may present 
with a pattern of cyanosis cycling with momentary relief 
from obstruction. The neonate struggles to breathe nor¬ 
mally and creates a vacuum between the tongue and the 
palate, resulting in obstruction and cyanosis. At the point 


of complete obstruction there is a cry of distress, and the 
mouth opens to allow relief. 

A no. 8 French catheter is the best diagnostic tool for 
atresia in the newborn intensive care unit. If the catheter 
fails to pass through the nose into the oropharynx, cho¬ 
anal atresia should be suspected. The neonate is stabi- 
lized by immediately inserting an oral airway. Secondary 
anomalies should then be sought, and a facial computed 
tomographic scan with coronal projections, and endos- 
copy, should be performed to delineate the anomaly. The 
ultimate management is surgical correction. However, 
appropriate respiratory care by attending to airway, 
breathing, and circulation (ABCs) is of utmost impor¬ 
tance and must be provided preoperatively to ensure that 
the oral or orotracheal airway is maintained until the 
infant can be brought to the operating room. 

The surgical procedure addresses the required perfora- 
tion of the atresia to establish and maintain adequate 
choanae. The timing and surgical approach depend on 
coincidental medical problems; however, infants weighing 
more than 1.5 kg may be operated on by the transnasal 
route. Recently, endoscopic repair with powered instru¬ 
mentation has become more popular. However, many feel 
that this more modern technique is no better than the 
puncture, dilation, and stenting technique that has been 
the gold standard. 2 There are risks and benefits with 
each procedure. The direct visual access afforded by the 
transpalatal route was once preferred by many surgeons; 
however, now the transpalatal route is used infrequently 
because of the adverse risk to palatal and dental growth. 3 

Once the repair is performed, a standard folded endo- 
tracheal tube is used to stent the choanae in a U configura- 
tion. A 4-mm tube is usually selected for a full-term neo¬ 
nate, and a 3.5-mm tube is used for a premature infant. 4 
A suction catheter is measured so that it passes through 
the end of the stent into the nasopharynx. The catheter is 
passed through each side of the stent to prevent obstruc¬ 
tion. Postoperatively, suction and saline are used to ensure 
patency in the stent. Prophylactic antibiotics and steroid 
drops are given, and the stent is usually removed with the 
patient under general anesthesia. Continuing respiratory 
problems caused by nasal congestion may be expected for 
3 to 4 weeks postoperatively. 

The prognosis after reconstruction is excellent and gen¬ 
erally without complication; the most significant compli- 
cation is restenosis of the choanae. This is managed by re- 
peated dilations of the choanae under endoscopic 
visualization with replacement of the stent. Rarely trache- 
ostomy or long-term intubation may be required when 
choanal atresia is complicated by reconstructive maneu- 
vers for other craniofacial abnormalities. 

MACROGLOSSIA 

Macroglossia, or a greatly enlarged tongue, causes respi¬ 
ratory distress by pharyngeal obstruction. Macroglossia 
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can be associated with other disorders, such as Beckwith- 
Wiedemann and Down syndromes, or it may be due to 
congenital lymphangioma or hemangioma. The diagnosis 
is relatively straightforward, and polysomnography (as 
a result of associated obstructive sleep apnea) and pulse 
oximetry are used to evaluate the extent to which macro- 
glossia affects respiratory function. 

Treatment for macroglossia should be individualized, 
depending on the severity of respiratory obstruction and 
etiology. For isolated macroglossia, prone positioning usu- 
ally relieves mild cases. More severe cases may require one 
of the many surgical techniques to reduce tongue size. 6 
Lymphangiomas and small hemangiomas of the tongue 
may require excision, and large congenital hemangiomas 
commonly respond to systemic corticosteroid or interferon 
therapy. Chronic hypoxia and C0 2 retention are common 
sequelae of macroglossia and require close follow-up. Im- 
mediate intubation may be necessary, along with tracheos- 
tomy to temporize for reduction surgery. 

MANDIBULAR HYPOPLASIA 

Mandibular hypoplasia, or micrognathia, is generally 
found in conjunction with various other anomalies in con- 
ditions such as Pierre Robin syndrome or Treacher Collins 
syndrome. Pierre Robin syndrome is the most common of 
these associations, but the pathophysiology of respiratory 
distress associated with micrognathia is identical in the 
other disorders. 

The primary features of Pierre Robin syndrome include 
micrognathia, glossoptosis (or posterior displacement of 
the tongue), and cleft palate. These features result in pha- 
ryngeal obstruction and respiratory distress. If left un- 
treated, infants with respiratory complications such as 
airway obstruction, cor pulmonale, and pulmonary hyper¬ 
tension have a mortality rate approaching 30%. Other 
complications of Pierre Robin syndrome are failure to 
thrive, malnutrition, chronic hypoxia, and pneumonia. 
Recent polysomnographic studies using oximetry have 
demonstrated that hypoxia and C0 2 retention can occur 
without overt signs of airway obstruction. 6 Close monitor- 
ing and a complete evaluation must be performed before 
and for a time after therapy has been instituted. 

Treatment for patients with micrognathia includes 
positioning, an intraoral or nasopharyngeal airway, and 
surgical procedures. Prone positioning combined with 
supplemental oxygen administration and carefully super¬ 
vised feedings has been useful in treating mild forms of 
micrognathia. Intraoral and nasopharyngeal tubes or 
prostheses have been used in treating mild to moderate 
forms of micrognathia, but feeding difficulties limit the 
usefulness of these techniques. Surgical procedures de¬ 
signed to hold the tongue forward have been advocated 
for symptomatic and severe forms of the disorder. These 
procedures include suture transfixion, creation of lip- 
tongue adhesion with sutures, various sling procedures, 


and mandibular distraction. The most severe cases may 
require tracheostomy. All these treatments are designed to 
“buy time,” because these disorders gradually improve 
with facial growth. 

Great care must be used in treating these patients, 
and fiberoptic assistance may be required for intubation. 
Patients with Treacher Collins syndrome may be extremely 
difficult not only to intubate but to mask if there are tem- 
poromandibular joint abnormalities. 

ESOPHAGEAL ATRESIA 
AND TRACHEOESOPHAGEAL 
FISTU LA 

Esophageal atresia and tracheoesophageal fistula represent 
a clinical Spectrum of different malformations. The most 
essential elements of their pathophysiology are the blockage 
of the passage of saliva or food by esophageal atresia and the 
aspiration of either salivary contents or gastric secretions 
through a fistula between the trachea and esophagus. 

Esophageal atresia and associated tracheoesophageal 
fistula result from an unknown in utero malformation that 
is one of the better characterized embryological foregut 
anomalies. Separation of the dorsal foregut from the ven- 
tral trachea begins distally at the carinal area and pro- 
gresses proximally. If these two structures remain fused 
during this process, tracheoesophageal anomalies occur as 
atresias, fistulas, or laryngotracheal clefts. Different embry- 
onic studies have focused on the “ingrowth” of the epithe- 
lial ridge in this area, which must be uninterrupted for 
complete tracheoesophageal formation. For unknown rea- 
sons, this constellation of tracheal and esophageal abnor¬ 
malities may be associated with other midline vertebral, 
anal, cardiac, and renal or peripheral limb anomalies, which 
are known by the acronym the VACTERL (vertebral, anal, 
cardiac, tracheal, esophageal, renal, limb) syndrome. 8 

Tracheoesophageal fistula and esophageal atresia have 
been anatomically classified to describe the presence or ab¬ 
sence of esophageal atresia and whether there is an associ¬ 
ated fistula (Figure 23-1). This has important management 
as well as operative significance.-' The most common combi- 
nation of lesions is esophageal atresia associated with a distal 
tracheoesophageal fistula (see Figure 23-1, A). More than 
85% of patients will present with this form of the anomaly, 
which results in a blind-ending upper esophageal pouch 
of variable length associated with a fistula from the lower 
trachea or mainstem bronchi that leads into the distal 
esophagus. The second most common anomaly occurs in 
5% of patients as isolated esophageal atresia with a proximal 
blind-ending pouch and a “long gap” of missing esophagus 
above a small distal esophageal pouch (see Figure 23-1, B). In 
3% of patients, esophageal atresia may be associated with a 
proximal and distal tracheoesophageal fistula. In addition, 
there is the isolated tracheoesophageal fistula that presents 
without atresia and usually occurs in the lower cervical 
or upper thoracic area. This is known as the H-type fistula. 
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FIGURE 23-1 Five anatomical classifications describing tracheo- 
esophageal fistula and esophageal atresia. A, Esophageal atresia 
with a distal tracheoesophageal fistula. B, Isolated esophageal 
atresia with a long gap of missing esophagus between proximal and 
distal esophageal pouches. C, Tracheoesophageal fistula without 
esophageal atresia, “H type.” D, Esophageal atresia with proximal 
fistula. E, Esophageal atresia with both proximal and distal tra¬ 
cheoesophageal fistulas. 


Finally, the fifth group represents 1% of patients who present 
with esophageal atresia with an isolated proximal fistula 
in the same configuration as seen with the isolated H-type 
fistula. In this condition, there is a “long gap” and then a 
small distal esophageal pouch with no distal tracheoesopha¬ 
geal fistula. 

Drooling, along with frothing and bubbling at the nose 
and mouth, is the first symptom in the majority of new- 
borns with esophageal atresia. The first feedings result in 
choking, coughing, and episodes of cyanosis. The respira¬ 
tory distress may be severe and progressive, which should 
prompt an immediate workup for esophageal atresia. If 
esophageal atresia is suspected, a stiff nasogastric tube is 
introduced until resistance is met. The tube is connected 
to constant suction and irrigated with 1 to 2 ml of saline 
at frequent intervals. 

Esophageal atresia with tracheoesophageal fistula occurs 
in 1 in 3000 births, with an equal male and female distribu¬ 
tion. Because of the obstruction to amniotic fluid during 
fetal swallowing, polyhydramnios may be part of the perina- 
tal history. The postnatal presentation of each type of 
anomaly varies significantly with the lesion and conse- 
quences of obstruction or aspiration. An isolated tracheo¬ 
esophageal fistula may present as late as early adulthood 
with subtle symptoms of wheezing and recurrent respira¬ 
tory infections often unresponsive to treatment. For infants 


with larger fistulas, choking and coughing episodes will be 
frequent. Significant abdominal distention caused by exces¬ 
sive air moving from the respiratory tract to the gastrointes- 
tinal tract through a patent fistula may also be a presenting 
symptom. Auscultation of the chest may reveal murmurs 
from concomitant congenital heart disease or decreased 
breath sounds caused by atelectasis or pneumonitis. 

Chest and abdominal radiographs are critical to the di- 
agnosis. Several important radiographic findings are spe- 
cific for esophageal atresia. The course and end point of 
the nasogastric tube confirm obstruction of the proximal 
esophagus by atresia and determine the relative position 
of the upper esophageal pouch. The lung helds must be 
examined to determine the presence of parenchymal 
changes resulting from aspiration. Changes in mediastinal 
structures give an early indication of congenital heart dis¬ 
ease, and a careful search is made for the aortic arch to 
determine its left- or right-sided position. This is extremely 
important for surgical management because it directs the 
surgeon to an operative site away from the arch. 

The next most important hnding is the presence or 
absence of a gastric bubble. Proximal atresia with evidence 
of air in the gastrointestinal tract indicates a distal tra¬ 
cheoesophageal fistula, the most common form of the 
anomaly. A proximal obstruction without evidence of gas 
distally most likely indicates the presence of esophageal 
atresia with or without smaller fistulas. Other studies that 
aid in the diagnosis of related congenital anomalies in- 
clude an echocardiogram, a renal ultrasound, and a verte- 
bral spine film. The echocardiogram needs to be done 
preoperatively not only to identify heart defects but to 
help identify the aortic arch. 

Once the diagnosis is made, the overall clinical condition 
of the infant dictates the timing of repair. 10 For patients 
who present with severe respiratory distress and low birth 
weight, mechanical ventilation is essential. 11 It may be nec- 
essary to perform an emergency procedure to divide a per- 
sistent distal tracheoesophageal fistula if delivered tidal 
volume is compromised and respiratory failure progresses. 
Operative maneuvers that allow placement of balloon cath- 
eters in the fistula or stapling of the distal esophagus have 
been described. The traditional approach is a right thora- 
cotomy with an extrapleural dissection for direct separation 
and closure of the fistula and trachea. With improved an- 
tibiotics many surgeons have changed to a transpleural 
approach, worrying less about an empyema. Once that is 
accomplished, a primary anastomosis of the esophagus can 
be performed in larger, more stable babies. 

The last few years has seen a great increase in the num- 
ber of tracheoesophageal fistula repairs with minimally 
invasive surgery. It is hypothesized that there will be a bet- 
ter cosmetic result than with thoracotomy and also de¬ 
creased scoliosis and pain. In a recent multi-institution 
study of 104 neonates with attempted repair with mini¬ 
mally invasive surgery, only 4.8% were converted to an 
open surgery. There was an 11.5% leak rate and 31.7% late 
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stricture rate. 12 Long-term follow-up is needed to decide 
if this difficult surgery will replace the “gold standard” 
thoracotomy. 

In esophageal atresia, the ability to successfully per¬ 
form esophageal anastomoses has been lifesaving. 1 The 
most significant complications of primary esophageal 
anastomosis are stricture or recurrent fistula formation. 
These complications have important implications for 
postoperative respiratory care. Even infants with success- 
ful anastomoses have persistent respiratory problems. 
With or without complications, postoperative respiratory 
symptoms have been noted in up to 50% of patients. Com¬ 
plications range from apnea and bradycardia to aspira¬ 
tion, recurrent pneumonia, and even respiratory arrest. 14 
The largest single cause of persistent respiratory disease is 
gastroesophageal reflux from either esophageal dysmotil- 
ity or an abnormal lower esophageal sphincter. Infants 
with reflux have recurrent aspiration pneumonias that 
must be treated medically; however, many of these infants 
require further operative management with some form of 
gastroesophageal fundoplication. 

Another large group born with esophageal atresia, with 
or without tracheoesophageal fistula, has persistent tra- 
cheomalacia. 15 This is a much more difficult group of 
patients to manage. For those with tracheomalacia with 
even the slightest esophageal stricture formation, however, 
dilation of the anastomotic stricture may alleviate much of 
the respiratory compromise. It is possible that recurrent 
fistulas or an undiscovered proximal fistula may be the 
source of persistent wheezing and respiratory difficulty. 
These fistulas can be diagnosed and defined with the use of 
a barium esophagogram with direct pressure injection at 
different levels of the esophagus. 

With precise preoperative, perioperative, and postoper¬ 
ative management, the survival rate in infants with esoph¬ 
ageal atresia has now approached greater than 95%. The 
respiratory care during each phase must be tailored with 
an understanding of the pathophysiology of each malfor- 
mation and its related complications. 


Clinical Highlight 


A 36-week gestational age baby boy was born by normal 
spontaneous vaginal delivery. Apgar scores were noted as 
1 at 1 minute, 6 at 5 minutes, and 8 at 1 0 minutes. Patient 
had continued apnea after deep suctioning and was subse- 
quently endotracheal intubated. On examination, breath 
sounds revealed inspiratory stridor, a holosystolic murmur 
was noted, a nasogastric tube was unable to pass 10 cm, 
and resistance was met. The infant was also seen to have 
low-set, simple hypoplastic cupped ears. Echocardiogram 
revealed patent ductus arteriosus (PDA) with intact ven- 
tricular septum and hypoplastic right ventricle. The patient 
was diagnosed with CHARGE syndrome with choanal atre¬ 
sia, heart defect, tracheoesophageal fistula with esopha¬ 
geal atresia, and abnormal ears. 


CONGENITAL DIAPHRAGMATIC 
HERNIA 

The diaphragm forms when the pleura and the perito- 
neum fuse during the eighth week of embryonic life. 
During closure the pleuroperitoneal canals may remain 
open. These canals are located on the posteriorlateral 
portions of the diaphragm, and if they fail to fuse, ab- 
dominal contents may herniate into the chest cavity. 16 
The resulting defect is termed a Bochdalek hernia and is 
more common on the left side (90%). The overall inci- 
dence is about 1 in 2500 live births. The defect ranges 
in size from 2 to 3 mm to complete absence of the 
diaphragm. The herniated contents cause compression 
of the developing ipsilateral lung bud. The contralateral 
side may be compressed as well from shift of the me- 
diastinum (Figure 23-2). The lung tissue is hypoplastic, 
including the pulmonary vasculature, even on the 
contralateral side. Histological studies demonstrate in- 
creased musculature in the media of the arterioles. After 
birth, hypoxia, hypercapnia, and acidosis develop, caus- 
ing constriction of the arterioles. This constriction ex- 
acerbates pulmonary hypertension and persistent fetal 
circulation. 

The diagnosis of congenital diaphragmatic hernia 
(CDH) is now easily made on prenatal ultrasound. Clini- 
cally, infants with CDH usually develop respiratory distress 
shortly after birth. The diagnosis of CDH is confirmed by 
chest radiography but is suggested in a tachypneic newborn 
with a scaphoid abdomen. Breath sounds are often not 
heard on the side of the lesion, and heart sounds may be 
shifted away from the side of the lesion. After diagnosis, 
resuscitation is immediately begun. The aim is to prevent 



FIGURE 23-2 Radiograph ofa left-sided congenital diaphrag¬ 
matic hernia. Note shift of the mediastinum to the right. 
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hypoxia, hypercapnia, and acidosis 17 and includes the fol- 
lowing steps: 

1. A large orogastric tube is placed to decompress the 
gastrointestinal tract. 

2. Bag-mask ventilation is avoided in order to keep the gut 
in the chest from becoming distended and causing ten¬ 
sion pneumothorax physiology. 

3. An endotracheal tube is inserted and the infant is 
placed on mechanical ventilation, avoiding high airway 
pressures. 

4. Barotrauma may be avoided by using high-frequency 
oscillatory ventilation. 

5. Maintaining alkalosis reduces the amount of pulmo- 
nary vasospasm. Traditionally Paco 2 values were kept 
between 25 and 30 mm Hg. But a recently developed 
protocol of “permissive hypercapnia” with increased 
Paco 2 and decreased pH seems to be safe. 

6. If a pneumothorax is seen, chest tube placement is indi- 
cated. The pneumothorax is seen on the contralateral 
side and results from excessive ventilation pressures. 
Operative repair of the hernia does not reverse pulmo- 

nary hypertension or hypoplasia. The timing of operative 
repair has evolved from immediate repair to delayed re¬ 
pair. Multiple studies have shown better outcomes by al- 
lowing the infant to stabilize and adapt to postnatal life. 18 
Surgical repair decreases thoracic wall compliance, fur- 
ther strengthening the argument for the delayed operative 
approach. 1 ' 1 A transabdominal approach is the standard 
technique for repair. If small, the defect is repaired with 
permanent sutures alone. Larger defects may require a 
prosthetic patch. After surgical repair, air may remain in 
the ipsilateral pleural cavity. The expanding lung does not 
completely fill the cavity, so technically a pneumothorax 
does not exist. The normal placement of a chest tube to 
suction may be detrimental, so it is used for gravity drain- 
age only. Too rapid a shift of the mediastinum and con¬ 
tralateral lung may cause lung rupture or obstruct the 
vascular structures. 

After operative repair, most infants remain intubated 
for several days. Low-volume strategies are continued. El- 
evated pulmonary vascular resistance may develop 8 to 
24 hours postoperatively. This elevation will worsen right 
to left shunting, causing hypoxia and acidosis. Multiple 
modalities are used to decrease the amount of pulmonary 
artery vasospasm. Tolazoline, an adrenergic blocker, has 
been used in the past, but side effects, including fluid 
retention and hypotension, limit the use. The inotrope 
dopamine, when used at higher concentrations (10 |xg/ 
kg/min), causes vasoconstriction. Raising systemic vascu¬ 
lar resistance tends to reverse the right to left shunt. High 
doses of dopamine also cause vasoconstriction of the gut, 
which is already at high risk for ischemia. Nitric oxide 
(NO) is a potent pulmonary vasodilator, and its use in 
pulmonary hypertension has been established. 20 A large, 
randomized clinical trial indicated that using inhaled NO 
for infants with CDH did not reduce mortality or the need 


for extracorporeal membrane oxygenation (ECMO). 21 NO 
may be of benefit further along in the clinical course. 

ECMO has probably increased the survival rates in neo- 
nates with CDH. This modality is often used to stabilize 
patients before surgery. 22 In recent years the use of ECMO 
for patients with CDH has decreased as different ventila¬ 
tor modalities, including high-frequency oscillatory venti¬ 
lation (HFOV), are increasingly used. The use of ECMO at 
a large pediatric hospital was analyzed. The number of 
patients on ECMO had decreased as the number of alter- 
nate therapies had increased. Nitric oxide, HFOV, and 
surfactant were the main alternatives. Although the num¬ 
ber of ECMO patients had decreased, the run time for each 
patient had increased. 23 

Experimental surgical treatments for CDH have been 
developed as well. Fetal intervention to include in utero 
repair of CDH was first performed in 1990 24 Surgical tech- 
niques have been refined but survival has not increased. 
Currently no indications exist for in utero repair of CDH. 
With improved technique of fetal surgery this modality 
has been used for another surgical intervention, tracheal 
occlusion (TO). Experimental studies have shown reduced 
pulmonary hypoplasia with TO. 22 This procedure is cur¬ 
rently performed at a few specialized centers, with long- 
term results unknown at this time. 

CHEST WALL MALFORMATIONS 

A wide Spectrum of chest wall malformations is seen in 
children. These can range from mild deformities that have 
primarily cosmetic implications and the attendant impact 
on self-esteem to severe deformities with high morbidity 
and mortality. 

Pectus Excavatum 

Pectus excavatum is the most common disorder of the 
chest wall, comprising almost 90% of chest wall deformi¬ 
ties. The defect may range for small, deep deformities 
to large, shallow deformities. The term funnel chest has 
often been applied. Deformity of the cartilaginous ends of 
the ribs causes an inward curve of the sternum. This in- 
ward curve will decrease the anteroposterior diameter of 
the chest, causing compression of the underlying struc¬ 
tures. Familial cases have been reported; however, most are 
sporadic. 2 ^ A male-to-female ratio of 4:1 is reported in the 
literature. 26 Connective tissue disorders are also associated 
with pectus excavatum; Marfan syndrome and Ehlers- 
Danlos syndrome are seen in 3% and 2.2% of patients, 
respectively. 2 

Most defects are noted in infancy and progress with 
the child. Neonates may present with chest wall retrac- 
tion during respiration as a result of the pliability of the 
chest wall. This has been termed pseudopectus excavatum 
and often disappears at 6 months of age. During infancy 
the defect often has no symptoms, but as the chest wall 
becomes more rigid and activity is increased, symptoms 
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often develop. With a decreased anteroposterior (AP) 
diameter of the chest, the lungs are not able to fully 
expand; therefore, exercise capacity decreases. The heart 
is often displaced, reducing ventricular filling, further 
decreasing exercise tolerance. Arrhythmias are another 
sequelae of the altered chest wall diameter. Significant 
psychosocial effects are seen in these patients. Causative 
factors of exercise intolerance and embarrassment in 
front of peers when the shirt is removed contribute to 
low self-esteem. Surgical repair has been shown to allevi- 
ate these effects. 28 

The age to undertake surgical correction has been de¬ 
bated in the literature. Repairing the defect at too early 
an age may limit chest wall mechanics and growth. 2 ' As 
children progress through puberty, cartilage ossifies. The 
ossification of chest wall cartilage will make more exten- 
sive procedures necessary in the future. Secondary scolio- 
sis may also develop if the defect is not repaired. Although 
a consensus has not been reached, most symptomatic chil¬ 
dren should undergo surgical repair between 7 to 14 years 
of age. The standard open approach for repair of pectus 
excavatum was described in 1912 but was modified in 1949 
by Ravitch. 30 This repair involves a transverse incision 
along the inframammary crease with exposure and resec- 
tion of the involved cartilages. The sternum is then ele- 
vated and a strut is left in place. Within the last 15 years a 
minimally invasive approach pioneered by Nuss has been 
developed. 31 Bilateral incisions are made on the lateral 
chest, and a retrosternal bar is passed between the sternum 
and the heart. The bar is then rotated 180 degrees, forcing 
the sternum anteriorly. The bar is left in place, with annual 
follow-up appointments documenting growth and activity 
level. Most bars are left in an average of 3 years and then 
removed. Overall results are excellent and the morbidity of 
an open repair is avoided. The major disadvantage seems 
to be that the immediate postoperative pain is worse than 
with the open procedure. 

Pectus Carinatum 

Pectus carinatum, a defect that accounts for 5% of chest 
wall deformities, is the opposite of pectus excavatum. Pec¬ 
tus carinatum is usually seen later in life around a growth 
spurt. The protrusion is most commonly located on the 
lower sternum. Because the sternum protrudes, the under- 
lying structures are not compressed. The primary com- 
plaint is cosmetic. Surgical repair involves costochondral 
resection and sternotomy. 32 Results are excellent with rare 
recurrence. 

Asphyxiating Thoracic Dystrophy 

Asphyxiating thoracic dystrophy, also known as Jeune syn- 
drome, is a rare genetic disorder with an autosomal recessive 
inheritance pattern. This disorder is an osteochondrodys- 
trophy that may have mild to severe expressions. The chest 
cavity is decreased in both the anteroposterior and superior 
and inferior orientations. Pulmonary development is often 


blunted as a result of the decreased cavity size, and in the 
postpartum period the lungs are not able to fully expand. 
Multiple associated defects, including polydactyly, hypo- 
plastic iliac wings, and fixed clavicles, may be seen. Heart, 
renal and airway abnormalities (subglottic stenosis) may 
also be present. 

Recent surgical advances using prosthetic titanium ribs 
and expansion thoracoplasty have met with success. 34 The 
technique involves anterior and posterior rib osteotomies 
in ribs 3 to 9. This creates a mobilized segment that is then 
attached to the titanium prosthesis, which has been an- 
chored to the second and tenth ribs. The procedure is done 
in two stages 3 months apart. Every 6 months the devices 
are expanded. This slowly expands the chest cavity and 
allows the lungs to grow more normally. 

Scoliosis and Kyphoscoliosis 

In their most severe forms, scoliosis and kyphoscoliosis 
may lead to secondary chest wall deformities. Scoliosis is 
curvature of the spine in a side to side direction. Kypho¬ 
scoliosis is curvature in both the coronal and sagittal 
plane. The resulting chest wall deformity seen with these 
malformations, especially early in life, often decreases lung 
capacity. 

LUNG BUD ANOMALIES 

The term lung bud anomaly broadly describes four patho- 
logical entities in a Spectrum of parenchymal disease: 
bronchogenic cyst, congenital cystic adenomatoid malfor- 
mation, pulmonary sequestration, and congenital lobar 
emphysema. The pathogenesis of these anomalies is poorly 
understood, but some speculation can be made based on 
known embryological sequences. 35,36 In early fetal develop¬ 
ment a tube of endodermal epithelium, the cellular co- 
vering of all body cavities, is present along the entire longi¬ 
tudinal axis of the fetus. This tube, the primordial 
gastrointestinal tract, is referred to as the primitive fore¬ 
gut. At approximately 3 weeks of gestation, a small groove 
appears in the floor of the primitive foregut, near the oral 
end of the fetus (Figure 23-3). The groove develops into a 
ridge, and the ridge branches into two blind pouches at its 
distal end. This ridge eventually develops into the trachea, 
and the thickenings are referred to as lung buds; the entire 
ridge with the lung buds will eventually migrate away from 
the main epithelial tube, thus separating the early pulmo¬ 
nary system from the esophagus. 

As these endodermal structures develop, their biood 
supply is formed from primitive tributaries to the aorta— 
the fourth and sixth aortic arches. The lung derives its 
biood supply from two distinet sources: (1) the pulmo¬ 
nary artery (sixth arch), which brings oxygen-poor biood 
from systemic veins for oxygenation, and (2) the bronchial 
arteries (direct branches of the arch), which bring oxygen- 
rich biood to the parenchyma of the lung for nutritive 
purposes. 
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FIGURE 23-3 Developmental anatomy of the lung. A, The pulmonary tree develops from a common 
tube with the esophagus. By 3 weeks ofgestation, the trachea (anterior) is separate from the esophagus. 
B, Two blind pouches that represent the left and right lung buds have appeared at the distal end of the 
primitive pulmonary system. C and D, Further dichotomous branching of the main bronchi results in 
the main lobes of each lung. 


The budding part of the tube is composed of endo- 
derm, a multipotential tissue in the embryo that forms the 
“business end” of each organ (e.g., the alveoli of the lungs, 
the mucosa of the gastrointestinal tract, the nephron of 
the kidney). The lung buds grow into the mesoderm, 
which is also a multipotential tissue that forms, in each 
organ, the connective tissue and the important supporting 
framework, including the biood vessels. 

The interaction between these tissues is important in 
the development of each organ. In the primitive pulmo¬ 
nary system, the bud-forming endoderm induces impor¬ 
tant changes in the surrounding mesoderm that lead to a 
cohesive, functioning organ. Knowledge of these processes 
may help to explain how each anomaly occurs. For exam- 
ple, if both lung buds fail to form, the fetus would have 
bilateral pulmonary agenesis, which is incompatible with 
life; however, unilateral pulmonary agenesis is survivable. 
If the longitudinal groove with its attached buds fails to 
completely separate from the epithelial tube, a laryngo- 
esophageal cleft or tracheoesophageal fistula may result. 


Although the exact nature of the developmental cause be- 
hind each anomaly is unclear, I will speculate as to the 
embryological defect underlying the four lesions that com¬ 
pose lung bud anomalies as each anomaly is discussed. 

Incidence 

As a group, these entities are considered uncommon but 
not rare. Many factors make a precise assessment of the 
incidence extremely difficult. Some cystic pulmonary dis- 
ease may result from barotrauma, rather than having a 
congenital origin. Asymptomatic patients may be un- 
counted because sequestrations may be silent for many 
years and become evident only during clinical investiga- 
tion for unrelated complaints. Congenital lobar emphy- 
sema has been thought to resolve spontaneously, which 
may result in underestimation of its true incidence. 

Clinical Correlation 

Although these lung bud anomalies have different his- 
topathological patterns, there are patterns in clinical 
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presentation common to all. The presentation seems to 
follow two distinet patterns: (1) the condition becomes 
obvious in the early newborn period and is manifested 
by respiratory distress, and (2) the condition occurs 
later in childhood and is characterized by repeated 
infeetions. 

Newborns may be identified in the delivery room if the 
lesion is so large that immediate respiratory distress and 
circulatory compromise result. A cyst or emphysematous 
lobe can obstruct biood flow to the right side of the heart, 
causing edema that results in a “hydropic” appearance. 

In many cases, the distress is not readily apparent but is 
characterized by a progressive course of intermittent tach- 
ypnea over the first few days or weeks. During this period 
a chest radiograph may be taken and the diagnosis 
suggested based on location and character of the lesion. 
In lobar emphysema, there is a hyperlucent lobe with a 
surrounding zone of atelectasis. The atelectasis may be 
interpreted as pneumonia, and the hyperlucent abnormal 
lung is accordingly misinterpreted as normal compensa- 
tory hyperinflation. Intubation and hyperventilation in 
this situation could be disastrous. An emphysematous 
lobe will expand preferentially according to the law of 
Laplace. As it enlarges and pressure in the chest rises from 
the expanding mass, biood return to the thoracic cavity 
becomes impaired. As the infant’s condition worsens, the 
clinician may mistake the emphysematous lobe for a pneu- 
mothorax because of its similar clinical behavior—a shift 
of the mediastinum to the opposite side and hyperreso- 
nance on the affeeted side. A chest tube inserted into this 
lobe may considerably worsen the situation. 

An important aspect of the differential diagnosis in- 
cludes a consideration that a “multilocular cyst” may 
actually be air-filled loops of bowel from a CDH. Auscul- 
tation for bowel sounds may help to differentiate these 
two problems, as will decompression of the bowel loops 
with a nasogastric tube (pulmonary cysts will not decom- 
press). In some cases, an upper gastrointestinal series 
may be necessary to differentiate these conditions. 

Presentation in the newborn is due to a mass effeet in 
the small thoracic space. Bronchogenic cysts and cystic 
adenomatoid malformations do not have direct Communi¬ 
cations with the bronchial tree, but air can still enter these 
cysts through the pores of Kohn. Some cysts contain tissue 
so immature that they lack these pores, and air entry is not 
possible. These lesions, lacking a way for air to enter, are 
not likely to expand abruptly in the newborn period. Cysts 
with pores or emphysematous lobes, however, will enlarge 
with ventilation and can present under tension. Should a 
cyst rupture, the lesion may present mimicking a pneumo- 
thorax. This is rare and less common than a pneumotho- 
rax caused by insertion of a chest tube into an intact cyst. 
As a cyst or lobe enlarges, it may direetly compress the 
trachea, a major bronchus, or the vena cava. Even without 
direct compression of these structures, the pressure rise 
within the thorax can cause mediastinal deviation with its 


attendant consequences of decreased venous return. Pre¬ 
sentation with tension in the newborn period may require 
emergency thoracotomy and resection. 

After infancy, the most common presentation is with 
repeated or prolonged episodes of pneumonia despite ad- 
equate antibiotic coverage. The infeetious course arises 
because the contents of the cyst do not communicate with 
the tracheobronchial tree, allowing bacteria and debris to 
accumulate in the cyst. This material cannot be cleared 
and acts as a nidus for infeetion, which often spreads to 
adjacent healthy tissue and lymph nodes in the hilum of 
the involved lung. Thus, a small infeeted cyst can result in 
pneumonia with fever and purulent cough. Although anti- 
biotics are helpful, they are not curative, and the under- 
lying cause—that is, the cyst—must be resected to prevent 
recurrence of pulmonary infeetions. 

The indolent course of this process may result in these 
children undergoing extensive diagnostic evaluation be- 
fore the correct diagnosis is reached. There are usually 
numerous radiographs that, in retrospect, implicate a par- 
ticular lobe. An ultrasound may have been obtained to 
evaluate cystic-appearing structures. Computed tomogra- 
phy or magnetic resonance imaging may have been used to 
elucidate airway anatomy and tissue density in the hope of 
securing a cause for frequent pneumonias. A child may 
have also undergone bronchoscopy to rule out aspiration 
of a foreign body. Bronchoscopy, however, has limited use- 
fulness for the patient whose lung bud anomaly has al- 
ready been diagnosed and could be dangerous if it causes 
complete obstruction of a lobe that previously was only 
partially obstructed. The diagnosis should be suspected 
when a febrile, septic child has a tube thoracostomy per- 
formed for drainage of a postpneumonic empyema and 
the cavity occupied by the now-drained fluid does not col- 
lapse, indicating an infeeted cyst rather than an empyema. 
Serial chest radiographs are the most valuable source of 
information in reaching the diagnosis. 

Resection of the infeeted cyst is curative. Preoperative 
treatment with antibiotics is important. In patients with 
severe sepsis, initial simple drainage of the cavity may be 
required for temporary palliation, allowing time for opti¬ 
mal preparation of the patient before definitive surgery. 

As prenatal ultrasound has improved in the last decade, it 
has become apparent that many of these lesions identified 
prenatally become smaller or completely disappear. Contro- 
versy, therefore, exists regarding the nonemergent treatment 
of these lesions, especially the small, asymptomatic abnor- 
malities. 37 The correct treatment of these incidentally discov¬ 
ered lesions will evolve as they are more commonly treated at 
a later stage or nonoperatively. 

Bronchogenic Cyst 

The bronchogenic cyst may be thought of as a lung bud 
cyst, with endoderm that differentiates into respiratory 
epithelium but without normal bronchial components. 
It is therefore nonfunctional. These cysts can be located 
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FIGURE 23-4 Bronchogenic cysts. A, Note the smooth border of the round, retrocarinal mass on this 
radiograph ( arrows ). B, Chest radiograph demonstrates an intraparenchymal mass that has become 
infected. Note the air-fluid level (a rrows) .This cyst is located on the right, which is typical of intraparen¬ 
chymal bronchogenic cysts. 


either within the thoracic cavity or outside it. When 
intrathoracic, the cyst can be in the bronchial wall, the 
pleura, the mediastinum, or the parenchyma of the lung 
itself. Ten percent of mediastinal masses are broncho¬ 
genic cysts. They are commonly located in the retrocari¬ 
nal region (Figure 23-4, A ). When intrapulmonary, they 
are usually on the right and may be multiple or multi- 
locular (Figure 23-4, B). 

The diagnosis of a bronchogenic cyst may be apparent 
radiologically in the newborn with respiratory distress, 
when the radiograph reveals a circular or ovoid mass with 
smooth edges. Similarly, the radiograph can suggest the 
diagnosis in an older child who presents with stridor, 
wheezing, or recurrent pneumonia. 

Treatment of bronchogenic cysts is surgical excision. 
The extent of resection will depend on the location of the 
cyst and any associated inflammatory conditions. A uni- 
locular cyst can usually be enucleated or removed by wedge 
resection and be an ideal case for a minimally invasive tho- 
racoscopy. Lobectomy is performed in the exceptional 
case. A pneumonectomy is rarely needed. 38 

Congenital Cystic Adenomatoid 
Malformation 

Congenital cystic adenomatoid malformation (CCAM), 
originally described in 1949, 38 has been recognized more 
often in recent years. In this lesion, differentiation of mes- 
enchymal tissue appears to stop at the bronchial stage, 
before cartilage develops. The lesion is a hamartoma— that 
is, a disorganized overgrowth of embryonal tissue. This 
lesion reflects a failure of the inductive process, discussed 
earlier. 

The morphological appearance of this lesion may be of 
a single large cavitary cyst (type I), multiple small cysts 
(type II), or a solid mass (type III). The CCAM may be 
multilobular and bilateral, but it is most commonly lo¬ 
cated in the left lung. The clinical presentation and radio- 
graphic diagnosis are similar to those of a bronchogenic 


cyst. The surgical treatment usually requires a lobectomy 
and occasionally a pneumonectomy. Unlike a broncho¬ 
genic cyst, this lesion cannot usually be enucleated. Un- 
less there is unusually extensive or bilateral disease, the 
postoperative course is smooth and the prognosis is excel¬ 
lent. Larger lesions, however, may be associated with pul- 
monary hypoplasia, hypertension, hydrops fetalis, and 
myocardiopathy. These features, depending on their mag- 
nitude, are associated with a severe prognosis. CCAMs 
are occasionally severe enough to warrant prenatal inter¬ 
vention ranging from thoracoamniotic shunt to fetal 
thoracotomy. 39 

Pulmonary Sequestration 

Sequestrations are foci of mature lung tissue separate 
from the rest of the tracheobronchial tree, with concomi- 
tant failure of separation of the pulmonary and systemic 
circulations. The tissue may be either nonaerated or aer- 
ated through collateral channels (i.e., pores of Kohn), al- 
beit with poor gas exchange. The sequestration typically 
has a systemic arterial biood supply (Figure 23-5). In 
intrapulmonary sequestrations the venous drainage is 
usually into the pulmonary veins; in extrapulmonary se¬ 
questrations the drainage is into systemic veins (azygos 
or hemiazygos vein, inferior vena cava, or right atrium). 
The extrapulmonary variety has a separate pleural enve- 
lope and may lie below the diaphragm. The defect in 
development may be caused by migration of an accessory 
lung bud before separation of the systemic and pul¬ 
monary circulations. Sequestrations are most commonly 
located in the left lower lobe region. 

The patient with a sequestration may present with a 
variety of clinical symptoms, including a large shunt, a 
heart murmur, and heart failure. 40 A large, nonfunctional 
intrathoracic mass can present as obstructive respiratory 
signs such as wheezing and tachypnea. A common presen¬ 
tation is a recurrent febrile course with an occult infected 
sequestration. 
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FIGURE 23-5 Sequestration. This aortic angiogram shows the 
segment of lung above the diaphragm that is supplied by a vessel 
from below the diaphragm ( arrows ). The splenic and hepatic 
branches of the celiac axis are seen below. 

The diagnosis of pulmonary sequestration can be elu- 
sive. A space-occupying lesion with or without an air-fluid 
level is often seen on a plain chest radiograph. 41 If a seques¬ 
tration is suspected, an arteriogram can be diagnostic and 
help define the arterial anatomy, which is crucial to 
successful resection. The systemic arterial supply may arise 
directly from the aorta, at times even through the dia¬ 
phragm from the intraabdominal aorta. Injury or inadver- 
tent division of this vessel without proper control may 
result in a hemorrhagic catastrophe. An upper gastrointes- 
tinal contrast study may reveal a fistulous connection to 
the intestinal tract. 

Radionuclide lung scanning may reveal an unventilated 
but perfused mass in the chest. Finally, computed tomog- 
raphy can demonstrate extrathoracic lesions, and mag¬ 
netic resonance imaging can visualize any abnormal biood 
supply. Resection of the mass is curative. Resection of the 
extrapulmonary variety is usually an easy thoracoscopic 
procedure, with the major risk being losing control of the 
systemic vessel. 

Congenital Lobar Emphysema 

Congenital lobar emphysema is an overdistention of one 
lobe of the lung, usually one of the upper lobes. 42 The lobe 
becomes distended because air enters but cannot exit, of¬ 
ten because of obstruction of a segmental or lobar bron- 
chus. Alternatively, there may be a defect in the cartilage so 
that increases in parenchymal pressure during expiration 
cause the bronchus to collapse. 43 This results in airway 
obstruction and air trapping. Additionally, an aberrant 
artery or vascular ring may compress the bronchus during 



FIGURE 23-6 Radiograph of a newborn child with left-sided 
congenital lobar emphysema. 


expiration. Regardless of the cause, the lobe becomes pro- 
gressively more distended, eventually causing obstruction 
to air entry at the main bronchus or trachea and obstruc¬ 
tion of venous return to the right atrium. These two condi- 
tions, separately or together, may constitute a surgical 
emergency. 

The radiographic appearance may be confusing. Normal 
lung in proximity to the diseased lung tissue may be col- 
lapsed and appear atelectatic or Consolidated (Figure 23-6). 
Thus, the child with respiratory distress and such a radio¬ 
graph may be thought to have pneumonia, with the real 
diagnosis unsuspected. Recognition of this lesion is critical 
early in the symptomatic course because of the general 
tendency to hyperventilate a child in respiratory distress. 
In the case of lobar emphysema, such a maneuver would 
hasten circulatory collapse by rapidly overdistending the 
affected lobe. Without a confirmatory radiograph, a chest 
tube may be inadvertently inserted into the emphysema- 
tous lobe with disastrous consequences. Resection of the 
lobe is curative. 

Follow-up 

Children tolerate these operations remarkably well. Post- 
operatively the patient will have a chest tube that is usually 
removed within a few days of the operation but may have 
no tubes at all if the procedure was done thoracoscopi- 
cally. Analgesics are important so that the child will 
breathe deeply and open atelectatic areas. For children too 
young to understand the use of incentive spirometry, in¬ 
struering them to take the kind of deep breath required 
before biowing soap bubbles or spinning a windmill will 
achieve the same effeet. Patient-controlled anesthesia in 
the older child, intrapleural or epidural anesthesia, inter- 
costal blocks, and intravenous morphine are all important 
postoperative pain control strategies. Adequate analgesia 
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also permits chest physical therapy, which is crucial in the 
recovery process. 44 Recovery is usually rapid, and normal 
growth is to be expected. When the child has an isolated 
lung bud anomaly, the prognosis is excellent. For bilateral 
or extensive disease, or when there are associated cardiac 
or genetic anomalies, the prognosis may be worse and is 
related mostly to the degree of parenchymal involvement 
or the associated anomaly. 

GASTROSCHISIS/OMPHALOCELE 

The development of the abdominal wall and gastrointestinal 
tract come from three embryonic folds—cephalic, caudal, 
and lateral—composed of splanchnic and somatic tissue. If 
these folds fail to develop normally, a defect is seen in the 
abdominal wall. 45 The two most common defects are om- 
phalocele and gastroschisis. 

When the lateral folds fail to fuse, an omphalocele 
will develop. This defect is always at the umbilicus and 
covered by a peritoneal sac, although this sac may rup- 
ture to expose the viscera (Figure 23-7). Omphalocele 
occurs early during fetal development, at the time of or- 
ganogenesis, so other defects are commonly seen. These 
defects include cardiac, sternal, hindgut, and biadder 
defects, with cardiac being the most common. Approxi- 
mately one third of patients have trisomy 13, 18, or 21. 
Diagnosis is often made during prenatal visits with ultra- 
sonography. Elevated levels of alpha fetoprotein in the 
maternal serum and amniotic fluid are oftentimes pres¬ 
ent. 46 After delivery the gastrointestinal tract should be 
decompressed with nasogastric suction as well as digital 
rectal examination to assist with meconium passage. 
Small to medium defects are often repaired primarily. 
After reduction and repair, pressure parameters such as 
airway and intragastric should be monitored. Larger 
defects may require a staged repair. The first stage uses 
Silastic sheets or a spring-loaded silo to reduce the size of 
the sac to the fascial level and thereby permit definitive 



FIGURE 23-7 Baby with moderate-sized omphalocele. 



FIGURE 23-8 Typical appearance of bowel in a patient with 
gastroschisis. 

closure. 4 The defect may include the liver, which should 
be håndled with care to prevent liver laceration or hepatic 
vein injury. The incidence of omphalocele has decreased 
recently as more of these fetuses are aborted. 

Gastroschisis is thought to develop when the umbili- 
cal coelom fails to form. The expanding gut cannot be 
contained in the peritoneal cavity and herniates to the 
right of the umbilicus 45 (Figure 23-8). The right umbili- 
cal vein reabsorbs, leaving a weakness in the abdominal 
wall allowing herniation. Gastroschisis has been reported 
on the left side but is extremely rare. This anomaly devel- 
ops later in gestation than does omphalocele, so associ¬ 
ated defects are not usually seen, with the exception of 
intestinal atresias, which occur in 15% of patients. 48 The 
herniated viscera are not covered by peritoneum, so this 
defect should be repaired early. After delivery, the gastro¬ 
intestinal tract should be decompressed as in the case of 
omphalocele. Because the viscera are exposed, the infant 
should be placed in a sterile bowel bag up to the axillae to 
prevent evaporative fluid losses and to protect the bowel. 
Operative repair is aimed at reducing the viscera and clos- 
ing the defect. Often this may be done primarily. In other 
cases the abdominal contents may be too distended to 
achieve primary closure. In these instances a Silastic 
spring-loaded silo is placed over the intestines (Figure 23-9). 
The spring-loaded portion is placed in the abdominal 
cavity and sutured to the skin. Sequential tightening 



FIGURE 23-9 Spring-loaded silo. 
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of the sac reduces the viscera until they are contained 
within the abdominal cavity, which then allows definitive 
closure. 

Recent reports in the literature have described differ- 
ent methods for closure of the abdominal wall defect. 
Bianchi and colleagues developed a method of reducing 
the abdominal contents without anesthesia in the neo¬ 
natal intensive care unit. This technique avoids the 
complications of tracheal intubation and mechanical 
ventilation. The extent and the rate of reduction are 
monitored using the awake infant’s reactions. 49 A su- 
tureless closure has been reported by Sandler et al. 50 In 
this technique the eviscerated contents are reduced until 
they can be contained within the abdominal cavity and 
the defect is closed with the umbilical cord. Tegaderm 
dressings are then applied. The authors report better 
cosmetic outcome with the umbilicus in the natural po¬ 
sition. The technique’s simplicity is another advantage 
because this can be performed at the bedside. 

NECROTIZING ENTEROCOLITIS 

Necrotizing enterocolitis (NEC) is primarily a disease of 
premature infants, who account for approximately 90% of 
cases. 51 The cause of NEC is multifactorial with ischemia 
and necrotic tissue being the result. The introduction of 
enteral feeds to the premature gut is thought to be the 
initial inciting factor. Neutrophils are released, followed by 
inflammatory mediators that contribute to tissue injury. 
Specific mediators include platelet-activating factor, tu¬ 
mor necrosis factor, and NO. 52 Inflammatory mediators 


also increase the release of acute phase proteins from the 
liver. Enteral bacteria also play a role, most likely an op- 
portunistic one. 

Infants with NEC will present with abdominal distention, 
intolerance to feeds, rectal bleeding, and abdominal wall 
erythema. Laboratory values include thrombocytopenia, 
neutropenia, and metabolic acidosis. Severe acidosis may re- 
quire intubation and mechanical ventilation. The diagnosis 
is confirmed radiographically. Distended loops are seen, and 
pneumatosis intestinalis is pathognomic. Air may be seen in 
the portal system as well. Pneumoperitoneum confirms a 
perforated viscus necessitating operation. 

Treatment of NEC is nonoperative in the majority of 
cases. Fluid resuscitation, antibiotics (ampicillin, genta- 
micin, clindamycin), and nasogastric decompression are 
the mainstays of therapy. Eighty percent of patients will 
not require surgery. The management of severe NEC has 
evolved over the last 20 years. Ein and associates 5 ' 1 re¬ 
ported their experience with peritoneal drainage using 
local anesthesia. Their technique involves insertion of a 
Penrose drain, most often in the right lower quadrant. 
In 32% of patients this was the definitive management. 
In this study drainage was used in infants weighing 
less than 1500 g and provided a stabilizing modality for 
seriously ill neonates. Peritoneal drainage was used by 
Morgan et al. for infants weighing less than 1500 g with 
severe NEC. They reported 62% of patients requiring 
no laparotomy. 54 Infants with documented perforation 
and who are stable are taken to surgery for laparotomy 
(Figure 23-10). The operative approach is to preserve 
the maximal amount of bowel. Stricture formation is 



FIGURE 23-10 A, Postmortem examination in a severe case of necrotizing enterocolitis shows the 
entire small bowel is markedly distended with a perilously thin wall (usually this implies impending 
perforation). B, The congested portion of the ileum corresponds to areas of hemorrhagi c infarction 
and transmural necrosis microscopically. Submucosal gas bubbles can be seen in several areas 
( arrows ). 
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commonly seen in NEC patients, with the colon being 
the most common site. The overall survival for NEC is 
between 60% and 70%. Infants with NEC and very low 
birth weight who require surgery have neurodevelop- 
mental delays when compared with equal-weight infants 
without NEC. 52 


KEY POINTS 

• Infants diagnosed with choanal atresia have immedi- 
ate respiratory distress and are at risk of death by 
asphyxia. An oral airway should be inserted and main- 
tained until the infant is taken to the operating room 
for definitive care. 

• Treatment for macroglossia is dependent on the severity 
of respiratory obstruction and may requirement treat- 
ments ranging from simple prone positioning to surgical 
reduction oftongue. 

• Esophageal atresia and tracheoesophageal fistula most 
commonly present with a blind-ending upper esopha¬ 
geal pouch with an associated fistula from the lower 
trachea that leads to the distal esophagus. 

• Symptoms associated with esophageal atresia with tra¬ 
cheoesophageal fistula include drooling, choking, and 
cyanosis with feeding and inability to pass a nasogastric 
tube. Continuous suction of the nasogastric tube with 
frequent saline irrigations should be initiated to avoid 
aspiration and respiratory complications. 

• The in utero formation of the diaphragm occurs during 
the eighth month of gestation. Failure of closure is 
most commonly on the left side, called a Bochdalek 
hernia. This causes herniation of abdominal contents, 
subsequent compression of the contralateral side, 
mediastinal shift, and pulmonary hypoplasia. 

• Infants with congenital diaphragmatic hernia present in 
respiratory distress. Immediate gastric decompression 
with an orogastric tube, endotracheal tube intubation 
with avoidance of excessive bag-mask ventilation, and 
ventilator high airway pressures, as well as permissive 
alkalosis to prevent pulmonary vasospasm, are neces- 
sary to avoid complications. 

• Pectus excavatum occurs as a result of deformity of the 
cartilaginous ends of the rib causing inward curvature 
of the sternum. Surgical correction includes passing a 
retrosternal bar between the sternum and heart, then 
rotatingthe bar 180 degrees to force the sternum ante- 
riorly. Pectus carinatum is a protrusion of the lower 
sternum that occurs during the pubertal growth spurt. 
Surgical correction includes costochondral resection 
and sternotomy, primarily for cosmetic enhancement. 

• Bronchogenic cysts and congenital cystic adenomatoid 
malformations both may present in the newborn with 
respiratory distress or in an older child with asthmalike 
symptoms or recurrent pneumonia. Pulmonary seques- 
trations present with a large shunt, heart murmur, ob- 
structive respiratory symptoms, or even recurrent fe¬ 
vers. Congenital lobar emphysema may present with 
airway obstruction at the main bronchus or trachea re- 
quiring emergent surgical intervention. 


| ASSESSMENT QUESTIONS 

See Evolve Resources for the answers. 

1. An infant brought to the neonatal intensive care unit 
(NICU) presents with cyanosis and upper airway ob¬ 
struction relieved by crying with improvement in color. 
Suspecting choanal atresia, the best action is to: 

A. Insert a no. 8 French suction catheter to verify the 
diagnosis 

B. Insert an oral airway 

C. Start nasal continuous positive airway pressure 

D. Provide heated humidity 

E. Stimulate the infant to induce crying 

2. Complications related to chronic upper airway 
obstruction from anatomical malformations result 
in which of the following? 

I. Chronic hypoxia and C0 2 retention 

II. Pulmonary hypertension and cor pulmonale 

III. Hyperventilation and acidosis 

IV. Failure to thrive 

V. Congestive heart failure 

A. i, III 

B. I, li, IV 

C. I, II, III, V 

D. II, III, IV 

E. II, IV, V 

3. The most common tracheoesophageal fistula and 
esophageal atresia lesion is classified as which type? 

A. Esophageal atresia with a long gap 

B. Esophageal atresia with distal tracheoesophageal 
fistula 

C. H -type tracheoesophageal fistula 

D. Esophageal atresia with proximal fistula 

E. Esophageal atresia with proximal and distal 
tracheoesophageal fistulas 

4. A drooling newborn infant with polyhydramnios in 
utero and suspected kidney and cardiac anomalies 

is admitted to the NICU and presents with coughing, 
respiratory distress, and cyanosis during feedings. 

The most likely diagnosis is: 

A. Gastroschisis 

B. Tetralogy of Fallot 

C. Pulmonary sequestration 

D. Esophageal atresia with tracheoesophageal fistula 

E. Choanal atresia 

5. Which of the following are true concerning a congenital 
diaphragmatic hernia? 

I. Pulmonary hypoplasia is present in both lungs. 

II. Persistent pulmonary hypertension is the main 
complication. 

III. Surgical correction results in complete reversal of 
the respiratory distress. 

IV. CDH formation is a defect that occurs very early in 
gestational age. 

V. The right lung (contralateral side) is not usually 
affected. 

A. I, II, IV 

B. I, III, IV, V 

C. I, IV, V 

D. II, III, IV, V 

E. II, III, V 
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6. A 3200-g term infant male is born to a healthy 
mother. Apgar scores are 7 and 5 with the infant 
gasping and heart rate decreasing to 90. Physical 
examination reveals cyanosis, a scaphoid abdomen, 
and visible tracheal deviation to the right. Consider- 
ing this information, the only appropriate action 
would be to: 

A. Get a biood gas 

B. Bag-mask ventilate 

C. Suction and stimulate vigorously 

D. Insert an oral suction catheter to vent the stomach 

E. Vigorously stimulate and give 100% O 2 blow-by 

7. Considering a likely diagnosis of congenital dia- 
phragmatic hernia, which of the following would 
be an appropriate decision concerning ventilator 
strategy(s)? 

A. Hypoxic gases 

B. Rapid rate and low pressures 

C. High pressure and long inflation times 

D. Slow rate and short inflation times 

E. Low pressure with high PEEP 

8. A female infant was born with a large gastroschisis 
anomaly. The reduction surgery will most likely affect 
the respiratory system by causing: 

A. An increase in airway resistance 

B. A decrease in pulmonary compliance 

C. A decrease in transpulmonary pressure 

D. An increase in the respiratory time constant 

E. B and D 

9. When comparing gastroschisis and omphalocele, 
which of the following is true? 

A. They are both full-thickness defects of the 
abdominal wall. 

B. They are both commonly associated with other 
anomalies. 

C. Omphalocele is a midline defect, whereas a 
gastroschisis is a lateral wall defect. 

D. An omphalocele is covered by epidermal tissue. 

E. Gastroschisis requires surgical reductions that 
often must be performed in several stages, whereas 
omphalocele is completed in a single surgery. 

10. Pectus excavatum may be associated with which of 
the following? 

A. Secondary scoliosis 

B. Decreased exercise capacity 

C. Ehlers-Danlos syndrome 

D. Decreased self-esteem 

E. All of the above 

11. Although the lung bud anomalies have different 
histopathology, clinical presentation usually: 

A. Becomes obvious in the early newborn period 
and is manifested by respiratory distress 

B. Becomes obvious in the early newborn period 
and is manifested by recurrent pulmonary 
infections 

C. Develops later in childhood and is characterized 
by severe respiratory distress 

D. Remains undetected until adolescence or early 
adulthood 

E. Presents as severe respiratory distress requiring 
mechanical ventilation 
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More than 40,000 children with congenital heart disease 
are born each year, making it the most common birth 
defect in the United States. 1 Major developments in the 
identification of children with congenital heart disease 
along with new surgical techniques and improved postop¬ 
erative care all resulted in significant improvements in 
mortality over the last two decades of the twentieth cen- 
tury. Mortality has continued to decrease over the last 
decade, such that many children with congenital heart 
disease are surviving well into adulthood. 2,3 In faet, recent 
epidemiological studies have found that there are currently 
as many adults living with congenital heart disease as there 
are children. 3 ' 4 The care of all patients with congenital heart 
disease usually occurs in specialized centers and requires a 
multidisciplinary team. Respiratory therapists play a key 
role in the perioperative care of these patients. 

CARDIAC ANATOMY 
AND PHYSIOLOGY 

Anatomy and Biood Flow 
of the Normal Heart 

The normal human heart has four chambers: two atria and 
two ventricles (Figure 24-1). Each “upper chamber,” or 
atrium, is connected to a corresponding “lower chamber,” 
or ventricle, by way of an atrioventricular (AV) valve. The 
outflow from each ventricle also contains a valve, known as 
a semilunar valve, which allows biood to flow in only one 
direction. To understand the normal anatomy of the heart, 
one can trace the path of biood as it travels through the 
heart. This begins with deoxygenated venous biood that 
enters the right atrium (RA) from one of three sources. 
Venous biood from organs superior to the heart drains to 
the RA by way of the superior vena cava (SVC). Venous 
biood from organs inferior to the heart enters the RA via 


the inferior vena cava (IVC). Finally, venous biood from 
the heart itself drains into the RA by way of the coronary 
sinus. 

Biood then travels from the RA, through the right AV 
valve, known as the tricuspid valve, and into the right ven¬ 
tricle (RV). From there, biood travels through the right 
semilunar valve, known as the pulmonary valve, and into 
the main pulmonary artery. This artery divides into a right 
and a left pulmonary artery, each of which carries biood to 
the lungs. The lungs are the site of gas exchange: carbon 
dioxide diffuses out of the biood and oxygen diffuses in. 
This oxygenated biood returns to the heart through four 
pulmonary veins that empty into the left atrium (LA). 
Biood then travels through the mitral valve and into the 
left ventricle (LV). Finally, the biood is pumped out of the 
LV, through the left semilunar valve, or aortic valve, and 
into the aorta, the main vessel supplying systemic biood 
flow to the entire body. 

The size and composition of each heart chamber are 
tailored to the chamber’s particular funetion. For example, 
because the RA must collect biood coming from nearly 
all parts of the body, it is slightly larger than the LA, which 
receives biood only from the lungs. The walls of the atria 
are thin and compliant, allowing them the ability to ex- 
pand in the setting of inereased biood return from either 
the body or the lungs. In contrast, the ventricles are mus- 
cular, reflecting their essential pump funetion. The LV is 
mueh thicker than the RV because it is responsible for 
pumping biood throughout the entire body, whereas 
the RV funetions to pump biood through the normally 
low-resistance lung vessels. 

Transition to Extrauterine Life 

During the fetal period of development, the fetus depends 
on the mother’s lungs for gas exchange. Because of this, 



FIGURE 24-1 Anatomy of the normal heart and great vessels. 
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the fetus has multiple mechanisms to receive oxygenated 
biood from the mother and to shunt biood away from the 
fetal lungs, which are not participating in gas exchange 
(see Chapter 2). Shortly after delivery, a number of ana- 
tomical and physiological changes occur in the neonate’s 
body to adapt to extrauterine life. With inflation of the 
lungs and the beginning of their participation in gas ex¬ 
change, Pao 2 increases and Paco 2 decreases, both of which 
contribute to dilation of the pulmonary vasculature and a 
resultant reduction in pulmonary vascular resistance 
(PVR). This leads to reduced right ventricular pressures 
and increased pulmonary biood flow. Another change that 
occurs in the transition to neonatal life is the decrease and 
eventual disappearance in shunts present during intra¬ 
uterine life. The increased fetal biood flow that results 
from the drop in PVR increases pulmonary venous biood 
return and therefore increases the left atrial pressure. At 
the same time, the RA pressure decreases when the umbili- 
cal cord is ligated and no longer provides placental biood 
flow to the IVC. The result of the higher LA pressures and 
the lower RA pressures is the closure of the foramen ovale. 
The other large shunt present in fetal life, the ductus arte- 
riosus, also closes shortly after birth. The mechanism 
behind its closure includes decreased concentrations of 
circulating prostaglandin E2 and an increase in oxygen- 
ation. Usually the ductus arteriosus closes within 48 hours 
after birth. ? Several factors can contribute to the ductus 
arteriosus not closing within the normal period and pre- 
disposing neonates to a patent ductus arteriosus (PDA). 
The ductus arteriosus of premature neonates is less 
responsive to increased oxygen and decreased PGE2, con- 
tributing to a higher incidence of PDA. Other conditions, 
such as congenital heart disease and persistent pulmonary 
hypertension, increase biood flow through the ductus arte¬ 
riosus postnatally and also contribute to a PDA. 

CLASSIFICATION OF CARDIAC 
ANOMALIES 

There are numerous ways to classify congenital heart 
anomalies. Lesions can be categorized by presence or lack 
of cyanosis, by shunt-type lesions, by lesions that result in 
obstructed biood flow, and by miscellaneous structural 
lesions, including those with abnormal valve anatomy or 
function. There is overlap between several of these catego- 
ries and there are exceptions to some categories. For ex- 
ample, lesions have often been classified as either cyanotic 
or acyanotic, terms that refer to the principal direction of 
biood shunting. Lesions where shunting is in a right-to- 
left direction are referred to as cyanotic lesions, whereas 
lesions where biood flows in a left-to-right direction are 
categorized as acyanotic. Yet not all patients with right-to- 
left shunting manifest clinical signs of cyanosis, and some 
patients with left-to-right shunting may exhibit cyanosis 
because of inadequate cardiac output, for example. This 
chapter organizes lesions into shunt lesions, lesions with 


left or right ventricular outflow tract obstruction, and mis¬ 
cellaneous lesions. Each section describes the anatomy 
and physiology, pre and postsurgical management, and 
surgical care of each lesion. 

SHUNT LESIONS 

In physiological terms, shunt refers to biood that deviates 
from the usual flow pattern. The term right-to-left shunt 
refers to desaturated systemic venous biood bypassing the 
lungs and entering the systemic circulation. Left-to-right 
shunting refers to oxygenated biood mixing with deoxygen- 
ated biood. Children with right-to-left shunting often pre¬ 
sent with central cyanosis, whereas those with left-to-right 
shunting often appear pink. Deleterious effects of left-to- 
right shunting often occur later, with prolonged left- 
to-right shunting leading to increased PVR because of the 
increase in pulmonary biood flow. Shunting is potentially 
harmful, either because of prolonged cyanosis and decreased 
end-organ oxygen delivery or increased PVR over time, but 
shunting also has an important compensatory effect in 
patients with obstructed pulmonary or systemic biood flow. 
In these lesions, referred to as ductal-dependent lesions, the 
presence of a PDA provides lifesaving biood flow. Lesions 
with systemic outflow tract obstruction, such as critical 
coarctation of the aorta or hypoplastic left heart syndrome, 
rely on the PDA to provide systemic biood flow via a right- 
to-left shunt; these lesions have ductal-dependent systemic 
biood flow. Anomalies with obstructed pulmonary biood 
flow, such as critical pulmonary stenosis, rely on the PDA to 
provide pulmonary biood flow via a left-to-right shunt; 
these lesions have ductal-dependent pulmonary biood flow. 
Infants with undiagnosed ductal-dependent lesions often 
present with symptoms in the first days to weeks of life 
when the ductus arteriosus closes. 

Patent Ductus Arteriosus 

During fetal life the ductus arteriosus functions to shunt 
biood from the pulmonary artery to the aorta, thus 
bypassing the lungs. In the first 48 hours after birth, the 
decrease in PGE2, secreted by the placenta, along with 
an increase in Pao 2 lead to closure of the ductus arterio¬ 
sus. A number of conditions predispose infants to 
having a patent ductus arteriosus (PDA), including 
prematurity, persistent pulmonary hypertension, and 
respiratory distress syndrome. In these infants, as PVR 
decreases, aortic pressures exceed pulmonary artery pres¬ 
sures, resulting in a left-to-right shunt and increasing 
pulmonary biood flow (Figure 24-2). Of the conditions 
predisposing infants to PDA, prematurity is the most 
common, making the PDA one of the most commonly 
seen cardiac defects in neonatal intensive care units. De- 
layed closure of the ductus arteriosus is inversely related 
to gestational age, varying from 20% in infants more 
than 32 weeks of gestation to 60% in infants less than 
28 weeks of gestation. 6 
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FIGURE 24-2 Patent ductus arteriosus. Communication between the pulmonary artery and the aorta. 


Clinical signs of a PDA depend on the degree of left- 
to-right shunting but may include tachypnea and a con- 
tinuous murmur. In addition to signs on examination, one 
can detect the presence of shunting by looking for a differ¬ 
ence in oxygenation of preductal and postductal biood. A 
preductal biood gas should be obtained from the right 
radial or temporal artery, while a postductal gas may be 
obtained from the umbilical artery or from a peripheral 
artery in the lower extremity. A difference in Pao 2 greater 
than 15 mm Hg is indicative of significant shunting across 
the PDA. 7,8 Noninvasive measurements of this can be con- 
ducted with pulse oximetry. A difference of more than 5% 
between the preductal saturations, obtained on the right 
hånd, and the postductal saturations, obtained on the left 
hånd or lower extremity indicates possible ductal shunting. 
Chest radiographs are usually normal, though children 
with congestive heart failure secondary to PDA may have 
radiographs with enlarged pulmonary vascular markings. 
Definitive diagnosis is made by echocardiography. 

Over time, the increase in pulmonary biood flow caused 
by the left-to-right shunting through the PDA can lead to 
left atrial dilation and left ventricular volume overload, 
which may result in congestive heart failure. Untreated 
PDAs may also lead to pulmonary vascular changes and 
pulmonary hypertension. Increased pulmonary biood flow 
may delay the ability to wean respiratory support in infants 
as a result of pulmonary edema and poor lung mechanics. 
PDAs may spontaneously close at any time, though this is 
unlikely to occur after 1 year of life. 

There are both medical and surgical options for the 
management of the PDA. Medical management includes 
maintaining euvolemia and optimizing the hemoglobin to 
ensure adequate oxygen delivery. In mechanically venti- 
lated patients, increasing positive end-expiratory pressure 
(PEEP) may serve to decrease the pulmonary biood flow by 


increasing PVR. In addition, nonsteroidal anti-inflamma- 
tory agents such as indomethacin and ibuprofen are often 
used in the medical management of PDA. Indomethacin 
may be used prophylactically to prevent PDA and thera- 
peutically to treat a symptomatic PDA. A dose of indo¬ 
methacin (0.2 mg/kg IV) given in the first 24 hours of life 
can be effective in preventing a PDA. Therapy later in life 
is usually given over a 48-hour period. Doses of 0.1 to 
0.2 mg/kg IV every 12 to 24 hours are effective. Side effects 
are uncommon but include oliguria, renal insufficiency, 
and dilutional hyponatremia. Ibuprofen may also be used, 
though a recent meta-analysis found that the use of ibu¬ 
profen was associated with increased incidence of chronic 
lung disease when compared with indomethacin. 

Typically a trial of medical therapy for a symptomatic 
PDA is attempted before resorting to surgical management. 
The surgery, which can often be performed in the intensive 
care unit, is typically performed via a left thoracotomy. 
Complications to surgery are rare but include injury to the 
recurrent laryngeal nerve, which may result in vocal cord 
paresis. Usually children do not require postoperative ven¬ 
tilator support unless they required it preoperatively. The 
patients should exhibit normal arterial biood gas and 
oxygen saturation measurements. 

Atrial Septal Defect 

An atrial septal defect (ASD) involves a communication 
between the right and left atria (Figure 24-3). There are 
several different types of ASDs. The pathophysiology of an 
ASD involves left-to-right shunting, leading to right atrial 
enlargement, right ventricular volume overload, and in¬ 
creased pulmonary biood flow. Over time, this may result 
in right ventricular hypertrophy, congestive heart failure, 
and pulmonary vascular disease. Infants with ASDs rarely 
are symptomatic and may remain so well into adulthood. 
















474 


SECTION IV • Neonatal and Pediatric Disorders: Presentation, Diagnosis, and Treatment 



FIGURE 24-3 Atrial septal defect. Co 


Mixed venous biood 
3-5 mm Hg 


Pulmonary vein 
5-8 mm Hg 



- Mitral valve 


Aortic valve 


Pulmonary artery Aorta 

25/10 mm Hg 100/60 mm Hg 

mmunication between the right and left atria through the septum. 


Only 8% of children with ASDs develop symptoms before 
2 years of age. 8 Chest radiographs are typically normal 
unless the child has congestive heart failure, which may 
result in cardiomegaly and prominent pulmonary vascu- 
lar markings. 

Spontaneous closure of small ASDs may occur within 
the first year of life, so repair is typically delayed until the 
child is 3 to 5 years of age. 9 ' 11 Surgical repair of an ASD 
involves a median sternotomy and cardiopulmonary by- 
pass, with closure of the defect obtained with a suture or a 
patch. After surgery, early extubation is common. Patients 
should have normal biood gases and oxygen saturations. 
In recent decades, closure of many ASDs has been achieved 


in the cardiac catheterization laboratory with transcatheter 
closure devices, thus avoiding the morbidity of sternotomy 
and cardiopulmonary bypass. 12,1 ' 1 

Ventricular Septal Defects 

VSDs are the most common congenital heart defect and 
involve a communication between the right and left ven- 
tricles (Figure 24-4). VSDs are described in terms of their 
location in the ventricular septum and the different types 
include perimembranous, subpulmonary (also known as 
outlet, supracristal, conal septal, or subarterial), muscular, 
and inlet (also known as atrioventricular canal type). The 
pathophysiology of VSDs involves left-to-right shunting, 
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FIGURE 24-4 Ventricular septal defect. Communication between the right and left ventricles through 
the septum. 
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left ventricular volume overload, left atrial enlargement, 
and increased pulmonary biood flow. The size of the defect 
and the pulmonary vascular resistance determine the 
amount of shunting, which usually occurs during systole. 
Large defects may lead to large shunts, sometimes termed 
nonrestrictive VSDs, and may result in congestive heart 
failure and pulmonary hypertension. Smaller defects with 
greater left ventricular pressures than right ventricular 
pressures are known as restrictive VSDs. Children with 
restrictive VSDs are often asymptomatic. If a child with a 
nonrestrictive VSD has a significant left-to-right shunt 
and resultant increased pulmonary biood flow, over time 
thickening and fibrosis of the pulmonary vascular bed may 
develop, which may lead to pulmonary hypertension. If the 
pulmonary vascular resistance nears that of the systemic 
vascular resistance, the left-to-right shunt may reverse to a 
right-to-left shunt, a condition known as Eisenmenger 
syndrome. 

Some types of VSDs, including perimembranous and 
muscular, commonly close spontaneously in the first 
2 years of life. In infants with nonrestrictive VSDs with 
symptoms of heart failure, medical management includes 
diuretics and digoxin. 14 If medical therapy is unsuccessful, 
surgery is typically undertaken. Older children with less 
severe shunts may be followed for several years before 
repair is performed. Surgical repair is performed on car- 
diopulmonary bypass and typically involves patch closure. 
In rare instances, such as in infants with severe congestive 
heart failure (CHF), pulmonary artery banding is per¬ 
formed rather than patch repair of the defect in order to 
limit pulmonary biood flow and to improve symptoms of 
heart failure. Definitive repair is typically performed later 
when the child’s condition has improved. Recently, percu- 
taneous transcatheter closure of VSDs has been performed 


in the cardiac catheterization laboratory. Device closure is 
typically reserved for older children with muscular VSDs. 15 

Early extubation should be expected in patients after 
surgical VSD repair, particularly if there is not significant 
heart failure before repair. Infants or those with heart 
failure may require a few days of mechanical ventilation 
and diuresis before extubation. After repair, these patients 
should have normal arterial biood gases and oxygen 
saturations. 

Atrioventricular Septal Defect 

An atrioventricular septal defect (AVSD), also known as 
AV canal or endocardial cushion defect, is an anomaly in 
which there is absence of the septa between the atria and 
ventricles. The defect usually involves abnormalities of the 
AV valves as well. Partial AVSDs are characterized by an 
ASD and an abnormal mitral valve, most commonly a cleft 
in the anterior leaflet of the mitral valve. There is no defect 
in the ventricular septum with partial AVSDs. Complete 
AVSDs are characterized by absence of the atrial septum, 
the ventricular septum, and the presence of a common 
atrioventricular (AV) valve (Figure 24-5). AVSDs occur in 
approximately 5% of patients with congenital heart disease 
but it is the most common congenital heart lesion in 
infants with trisomy 21. 16 The pathophysiology of this 
defect involves left-to-right shunting between the atria and 
ventricles along with regurgitation from the common 
AV valve. If left untreated, this leads to congestive heart 
failure, increased pulmonary biood flow, and irreversible 
pulmonary hypertension. 1 

Children with partial AVSD may not have obvious 
clinical manifestations initially. Those with complete 
AVSD usually develop signs of heart failure in early life, 
including respiratory distress, pulmonary edema, and 
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FIGURE 24-5 Atrioventricular canal defect. Incomplete development of the atrial and ventricular 
septa, which allows complete cardiac mixing of biood. 
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growth failure. Chest radiography usually reveals cardio- 
megaly and increased pulmonary vascular markings. In¬ 
fants without severe heart failure may be managed as 
outpatients for a time with diuretics and digoxin. Oxygen 
saturations in these children may be low (75% to 90%) as a 
result of venous admixing but are tolerated well by most 
patients. Supplemental oxygen may be given judiciously, 
given the potential for oxygen to induce pulmonary vascu¬ 
lar dilation and increased pulmonary biood flow. Surgical 
repair of complete AVSD is usually performed before 
3 months of age. ls There are a number of different tech- 
niques for repair, including a single-patch technique and 
a double-patch technique. In addition, the common 
AV valve is divided into left- and right-sided AV valves. 19 
Children with co-morbid conditions who are not good 
candidates for early complete repair may be managed with 
banding of the pulmonary arteries in order to stabilize the 
patient or allow more growth until definitive repair can be 
performed. 

After a complete repair, patients should have normal 
arterial saturations and arterial biood gases. Arrhythmias 
or conduction abnormalities are common in the postop¬ 
erative period, requiring most of these patients to have 
temporary pacing wires after surgery. Patients without 
significant heart failure preoperatively may be extubated 
early after surgery, but infants with significant heart fail¬ 
ure or pulmonary hypertension may require a few days 
of mechanical ventilation before extubation is attempted. 

LEFT VENTRICULAR OUTFLOW 
TRACT OBSTRUCTION 

Left ventricular (LV) outflow tract (LVOT) obstructions 
include several defects that result in obstruction to the 
ejection of biood from the left ventricle. The obstruction 


may involve the aortic valve, resulting in aortic stenosis. 
Lesions that involve the aortic arch, such as aortic coarcta- 
tion, hypoplastic aortic arch, and interrupted aortic arch, 
also obstruct systemic biood flow. Finally, hypoplastic left 
heart syndrome includes LVOT obstruction, both at the 
levels of the aortic valve and the aortic arch. 

Aortic Stenosis 

Aortic stenosis (AS) is a narrowing of the aortic valve and 
is classified by the location of the stenosis. The different 
locations include subvalvular, valvular, and supravalvular 
(Figure 24-6). Subvalvular AS refers to a discrete ring or 
membrane below the aortic valve. Valvular AS involves 
abnormalities in the structure of the valve leaflets. Supra¬ 
valvular AS is characterized by narrowing of the aorta 
immediately distal to the aortic valve. Of the three sites of 
AS, valvular AS is the most common variety. 

The clinical presentation and natural history of aortic 
stenosis are determined by the time of presentation and the 
degree of stenosis. Neonates who present with critical aortic 
stenosis often present in cardiogenic shock with hypoten- 
sion, poor perfusion, and metabolic acidosis. The chest 
radiograph often includes cardiomegaly and pulmonary 
edema. These infants are likely to die unless an intervention 
is quickly performed on the aortic valve. Infants with less 
severe stenosis, along with older children and adults with 
AS, may be asymptomatic, though they are at risk of bacte- 
rial endocarditis and the development of left ventricular 
hypertrophy over time. 

As mentioned before, infants with critical AS require 
emergent therapy. These patients have ductal-dependent 
systemic biood flow and may develop signs of systemic 
hypoperfusion as the PDA closes. A mainstay of therapy in 
these patients is treatment with prostaglandin El to main- 
tain ductal patency. Other therapy may include intubation 
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FIGURE 24-6 Aortic stenosis. Outflow obstruction of the aorta, impeding biood flow from the left 
ventricle. 
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and mechanical ventilation and inotropic support. Inter¬ 
vention on the stenotic aortic valve is critical and should 
not be delayed. Currently, options for intervention for 
critical AS in neonates include catheter balloon valvotomy, 
performed in the cardiac catheterization laboratory, and 
surgical valvotomy. The decision to perform a percutane- 
ous intervention versus an open surgical intervention de- 
pends on institutional factors and characteristics of the 
patient. Currently, catheter balloon valvotomy has simi- 
larly favorable outcomes to open surgical approaches, 
though children who have percutaneous interventions 
often require surgical interventions later in life. 20,21 Surgi¬ 
cal procedures for AS vary depending on the anatomy. The 
options include aortic valvuloplasty, artificial aortic valve 
replacement, and replacement with a pulmonary valve au¬ 
tograft (Ross procedure). For subvalvular AS, the subaortic 
membrane is typically resected. For supravalvular AS the 
stenotic area may be opened up with a synthetic patch. In 
all these procedures, normal arterial biood gases and pulse 
oximetry should be expected. Hypertension should be 
aggressively controlled in these patients to avoid undue 
stress on the repair site. 

Coarctation of the Aorta 

Coarctation of the aorta is a severe narrowing of the tho- 
racic aorta in the proximity of the ductus arteriosus. The 
obstruction, which may occur before, at the site of, or after 
the ductus (i.e., preductal, juxtaductal, and postductal), 
may present in the neonatal period or later in infancy or 
childhood (Figure 24-7). The pathophysiology involves 
increased afterload to the LV, leading to increased wall 
tension and myocardial work. In severe coarctation, this 
may result in myocardial ischemia, pulmonary edema as a 


result of left atrial hypertension, and congestive heart fail- 
ure. Systemic biood flow is ductal dependent. A neonate 
with severe coarctation may present with systemic hypo- 
perfusion caused by the closure of the ductus arteriosus. 
Older children with less severe coarctation may be asymp- 
tomatic, presenting with upper extremity hypertension 
as the only clue to the underlying lesion. Over time, the 
increased work of the left ventricle will lead to left ven- 
tricular hypertrophy and arterial collateralization around 
the site of the aortic narrowing. 

The chest radiograph of infants with severe coarctation 
often reveals cardiomegaly and pulmonary congestion. 
Older children with coarctation have classic findings of 
cardiomegaly and rib notching, secondary to collateral 
vessels. Treatment of neonates with severe coarctation 
includes prostaglandin El to restore patency of the duc¬ 
tus arteriosus. These patients may also have significant 
ventricular dysfunction, congestive heart failure, and 
acidosis, requiring inotropes, dieresis, and ventilatory 
support. Surgery for severe coarctation in neonates is 
usually not delayed, but less severe coarctation in older 
infants and children may be performed electively. 

A number of different surgical techniques are used 
in aortic coarctation. The most common approaches are 
(1) resection of the stenotic segment with end-to-end anas- 
tomosis of the transected ends; (2) patch aortoplasty, 
which includes using a synthetic patch to enlarge the area 
of narrowing; (3) subclavian patch aortoplasty, which uses 
a flap from the subclavian artery to enlarge the site; and 
(4) extended resection with primary anastomosis. The 
most commonly used procedure in neonates is resection 
with end-to-end anastomosis. Typically, this can be per¬ 
formed via a left thoracotomy. If neonates have significant 
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FIGURE 24-7 Coarctation ofthe aorta. Severe narrowing of the aortic lumen, which decreases biood 
flow through the aorta. A patent ductus arteriosus is often present to allow pulmonary biood flow when 
the coarctation is severe. PDA, Patent ductus arteriosus. 
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arch hypoplasia, an extended end-to-end procedure may be 
performed, which involves an end-to-side connection of 
the descending aorta to an incision on the underside of the 
aortic arch proximal to the narrow portion. 22 

Postoperatively, normal biood gas and pulse oximetry 
values should be expected. A residual coarctation, defined 
as a gradient between the upper and lower extremity biood 
pressures, is common postoperatively. Systolic pressure 
gradients less than 20 mm Hg in the setting of adequate 
lower body perfusion (including renal perfusion) is gener¬ 
ally considered acceptable. After surgery, older children 
are commonly extubated in the operating room or in 
the first few hours after surgery. Infants and younger chil¬ 
dren may require 12 to 24 hours of mechanical ventilation 
postoperatively. On extubation, caregivers must be on the 
lookout for signs of stridor, which may be related to intra- 
operative injury to the recurrent laryngeal nerve, leading to 
unilateral vocal cord paralysis. Hemidiaphragmatic paraly¬ 
sis from an intraoperative phrenic nerve injury is another 
potential complication and is diagnosed by an elevated 
hemidiaphragm on chest radiograph. Finally, injury to the 
thoracic duet intraoperatively may lead to a chylothorax, 
which may affeet the duration of mechanical ventilation in 
these patients. 

Hypoplastic Left Heart Syndrome 

Hypoplastic left heart syndrome (HLHS) describes a 
Spectrum of lesions involving abnormal development of 
left-sided cardiac structures including the mitral valve, left 
ventricle, aortic valve, and aortic arch (Figure 24-8). The 
continuum may include hypoplasia of the LV, atresia or 
critical stenosis of the aortic or mitral valves, and hypopla¬ 
sia of the ascending aorta and aortic arch. To maintain 
systemic biood flow, pulmonary venous biood return must 


pass through the foramen ovale to the RA. This oxygen- 
ated biood mixes with deoxygenated biood on the right 
side of the heart before traveling to the pulmonary artery. 
There, a portion of the biood travels to the lungs and 
another portion travels through the ductus arteriosus, 
which is the source of systemic biood flow. With the 
pulmonary artery supplying both the systemic and the 
pulmonary circulations, the circulations are said to be 
in parallel, and the relative biood flow to the respective 
vascular bed is determined by the balance of the systemic 
vasculature resistance and the pulmonary vasculature 
resistance. Adequate systemic perfusion in these infants 
depends on the presence of a nonrestrictive atrial septal 
connection, adequate right ventricular funetion, a patent 
ductus arteriosus, and a balance between the pulmonary 
and systemic circulations. 

The presentation of infants with HLHS depends on 
these factors that determine systemic perfusion. Though 
HLHS is often diagnosed prenatally or shortly after birth, 
some infants with a PDA and unrestrictive foramen ovale 
present in the first several weeks of life as the PDA begins to 
close. In any infant with HLHS, if the ductus closes, hypo- 
perfusion, metabolic acidosis, and circulatory collapse can 
occur rapidly, leading to death. Adequate interatrial com- 
munication is also critical. Babies with intact or restrictive 
atrial septa not only have inadequate systemic biood flow 
but also are likely to have high left atrial pressures, which 
lead to pulmonary edema and elevated pulmonary vascular 
resistance. Finally, the balance of pulmonary and systemic 
biood flow (Qp/Qs) is of critical importance. At birth, the 
normal high PVR of neonates favors adequate systemic 
biood flow. With the normal drop in PVR that occurs in the 
first days of life, pulmonary biood flow inereases at the 
expense of systemic biood flow. If this continues unabated, 
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FIGURE 24-8 Hypoplastic left ventricle. Underdeveloped left ventricle and severe narrowing of 
the ascending aorta. It may include mitral atresia (pictured here), lack of the mitral valve, aortic atresia, 
lack of the aorta, or a combination. A patent ductus arteriosus is necessary for systemic biood flow. 
PDA, Patent ductus arteriosus. 
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the baby may develop systemic hypoperfusion and meta- 
bolic acidosis because of this phenomenon of relative 
pulmonary overcirculation. 

Preoperatively, therapy for infants with HLHS is tar- 
geted at ensuring adequate intracardiac mixing, right-to- 
left flow at the PDA, and balance between the pulmonary 
and systemic circulations. If there is evidence of restriction 
of absence of biood flow across the atrial septum, emer- 
gent balloon atrial septostomy is indicated, either in the 
cardiac catheterization laboratory or at the bedside with 
echocardiographic guidance. Prostaglandin El should be 
started immediately when the diagnosis of HLHS is con- 
firmed in order to ensure patency of the ductus arteriosus. 
A number of interventions may be employed to balance 
the systemic and pulmonary circulations. As the PVR de- 
creases, minimizing the amount of administered oxygen 
can decrease pulmonary vasodilation and pulmonary biood 
flow. Occasionally, subambient oxygen concentrations 
(Fio 2 less than 0.21) are used to increase PVR. Target Fio 2 s 
are usually in the 0.17 to 0.21 range in order to keep sys¬ 
temic oxygen saturations 70% to 80%. Hypercarbia can also 
be used to elevate PVR. This therapy usually involves intu- 
bation and mechanical ventilation with deep sedation or 
neuromuscular blockade to allow control of Paco 2 . Patients 
are ventilated to a mild respiratory acidosis by decreasing 
the minute ventilation. In addition to hypoventilation, 
Paco 2 may be increased by adding C0 2 to the inspired gas 
in the ventilator circuit. Exhaled C0 2 is usually targeted 
with an Fico 2 of 2% to 5% using an end-tidal C0 2 monitor. 23 
Other techniques to balance the systemic and pulmonary 
circulations include medications such as intravenous vaso- 
dilators, which decrease systemic vascular resistance, 
and transfusion strategies targeting a hemoglobin of 14 to 
16 g/dl, which may decrease pulmonary biood flow be¬ 
cause of increased biood viscosity. 24 


Before the early 1980s, there were limited surgical op¬ 
tions for children with HLHS and long-term outcomes 
were poor. The advent of the Norwood procedure and 
staged palliation for HLHS have contributed to much im- 
proved outcomes in these patients. 25,26 Typically, patients 
with HLHS undergo three stages of surgery, with each 
procedure providing the growing patient with an adequate 
balance between systemic and pulmonary biood flow. 

There are a number of options for the first stage of pal¬ 
liation (Figure 24-9). The usual first stage is the Norwood 
procedure (Figure 24-10), which consists of reconstruct- 
ing the aorta and adding a shunt to provide pulmonary 
biood flow. The two main types of shunts employed at the 
first stage of palliation are the modified Blalock-Taussig 
(BT) shunt, which connects the subclavian artery to the 
pulmonary artery with a synthetic shunt, or the right ven- 
tricle-pulmonary artery (RV-PA) shunt or conduit, known 
as the Sano modification (Figure 24-11). 

Two other procedures are sometimes employed in neo- 
nates with HLHS. In patients who are deemed to be un- 
stable for the risks of the Norwood procedure, pulmonary 
artery (PA) bands may be applied to limit pulmonary 
biood flow until the baby is stable enough to undergo the 
full stage one surgery. The hybrid procedure is another 
option. It does not require cardiopulmonary bypass and 
involves PA banding along with catheter-delivered stenting 
of the ductus arteriosus. 2 29 This procedure is sometimes 
used in infants thought to be high risk for the Norwood 
operation. Infants who begin staged palliation with the 
hybrid procedure must undergo aortic arch reconstruction 
at the time of the second stage of palliation, significantly 
increasing the risk of this procedure. 

Common postoperative issues after the Norwood pro¬ 
cedure include hypoxia, low cardiac output syndrome, 
and arrhythmias. Infants typically require a period of 
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FIGURE 24-9 Sequence of procedures for the treatment of hypoplastic left heart syndrome. 
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FIGURE 24-10 The Norwood procedure. A, The heart with aortic atresia and a hypoplastic ascending aorta 
and aortic arch are shown. The main pulmonary artery ( PA ) is transected. B, The distal PA is closed with a 
patch. An incision that extends around the aortic arch to the level of the ductus is made in the ascending 
aorta. The ductus is ligated. C, A modified right Blalock-Taussig shunt is created between the right subclavian 
artery and the right PA ( RPA ) as the sole source of pulmonary biood flow. By the use ofan aorta or PA allograft 
(shaded area), the main PA is anastomosed to the aorta and the aortic arch to create a large arterial trunk. 
The procedure to widen the atrial communication is not shown. LPA, Left pulmonary artery; RA, right atrium; 
RV, right ventricle. 



mechanical ventilation because of reduced lung compli- 
ance, limited myocardial reserve, and difficulties balancing 
pulmonary and systemic biood flow. 30 The three main 
causes of hypoxia in these patients are low Qp/Qs, pul¬ 
monary venous desaturation, and low cardiac output. 
Goal gas exchange in these infants should follow the “rule 
of forties,” which targets Pao 2 approximately 40 mm Hg 
and Paco 2 40 mm Hg. Any manipulation of the endotra- 
cheal tube in these patients should be conducted with 
caution. Suctioning or retaping of the tube may induce 
hypotension, bradycardia, or acute increases in PVR, 
which may be poorly tolerated in these patients. 

The second phase, known as the Glenn procedure 
(Figure 24-12), involves removal of the BT shunt or RV-PA 



superior vena cava has been anastomosed at the previous site of 
the distal anastomosis of the modified right Blalock shunt. 

conduit and connection of the superior vena cava directly 
to the pulmonary artery. Pulmonary biood flow is sup- 
plied by venous return from the upper body, while biood 
from the lower body returns to the single ventricle. The 
result of the surgery is removal of some of the volume 
load to the single ventricle. Because pulmonary biood flow 
is passive after the stage two surgery, positive-pressure 
ventilation negatively affects pulmonary biood flow. Ex- 
peditious extubation to resume physiological negative 
intrathoracic pressures is an important component of the 
management of these patients. 

The third and final stage is known as the Fontan pro¬ 
cedure (Figure 24-13). It consists of connecting the supe¬ 
rior vena cava and the inferior vena cava directly to the 
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FIGURE 24-1 3 Fontan procedure. Biood from the right atrium 
is routed to the left or main pulmonary artery using a baffle, 
which may contain a fenestration or pop-off valve to allow 
biood flow to enter the ventricle in the presence of high pulmo¬ 
nary artery pressures. AO, Aorta; LPA, left pulmonary artery; 
RA, right atrium; LV, left ventricle; MPA, main pulmonary artery; 
RV, right ventricle. 


pulmonary artery. This final stage separates the circula- 
tions: the systemic venous biood drains directly to the 
pulmonary arteries, whereas the single right ventricle is 
responsible for supplying the systemic arterial circula- 
tion. Similar to the physiological State after the Glenn 
procedure, positive-pressure ventilation negatively affects 
pulmonary biood flow and cardiac output in patients 
after the Fontan procedure. Therefore patients should be 
extubated as soon as possible. One of the most common 
postoperative complications after the Fontan are devel- 
opment of pleural and pericardial effusions. These effu- 
sions often require chest tube placement and may be 
longstanding. 


OTHER CYANOTIC CONGENITAL 
HEART LESIONS 

Total Anomalous Pulmonary Venous 
Return 

Total anomalous pulmonary venous return (TAPVR) refers to a 
variety of abnormalities that consist of the pulmonary 
veins returning to components of the systemic venous cir- 
culation rather than the left atrium (Figure 24-14). TAPVR 
is classified based on the site of the connection of the 
pulmonary veins. The four classifications are as follows: 

1. Supracardiac, in which the common pulmonary vein 
drains into the SVC through a vertical vein or left SVC 

2. Cardiac, in which the common pulmonary vein empties 
into the coronary sinus 

3. Infracardiac, in which the common pulmonary vein 
drains to the portal vein, ductus venosus, hepatic vein, 
or inferior vena cava 

4. Mixed type, in which there are several different sites of 
drainage 

The pathophysiology of TAPVR involves a left-to-right 
shunt from the pulmonary veins to the right side of the 
heart and a right-to-left shunt between the right and left 
atria. The key determinant of the presentation of patients 
with TAPVR is the presence of obstruction to the pulmo¬ 
nary veins. Obstruction occurs most often in the infracar¬ 
diac variety of TAPVR. Unobstructed TAPVR often presents 
later in infancy with signs of congestive heart failure and 
failure to thrive as a result of the left-to-right shunt. Pa¬ 
tients with significant obstruction to their pulmonary veins 
are often very ill, with profound hypoxemia and acidosis. 
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FIGURE 24-14 Total anomalous pulmonary venous return. Pulmonary venous return is routed to the 
right atrium instead of the left atrium. Pulmonary drainage can be routed (7) above the heart (supra¬ 
cardiac), as pictured here; (2) through the heart (cardiac); (3) through the portal vein, ductus venosus, 
hepatic vein, or inferior vena cava (infracardiac); or (4) through the diaphragm or esophageal hiatus 
(subdiaphragmatic). 
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Chest radiograph usually reveals a normal heart size and 
lungs with a hazy or ground glass appearance. 31 Commonly 
infants with undiagnosed obstructed TAPVR are thought 
to have persistent pulmonary hypertension and will receive 
therapy targeted to this, including hyperventilation, hyper- 
oxygenation, and inhaled nitric oxide. These therapies, 
which increase pulmonary biood flow, may make patients 
with obstructed TAPVR worse and should be avoided if the 
diagnosis is known. 32 Preoperative management of infants 
with obstructed TAPVR includes mechanical ventilation 
with PEEP for pulmonary edema. 

TAPVR with severe obstruction is an emergency, and 
surgery should be performed urgently. TAPVR with lesser 
degrees of obstruction may be operated on less emergently 
but usually within the neonatal period. The surgical correc- 
tion for TAPVR involves redirecting pulmonary venous 
biood to the LA. Postoperative mechanical ventilation is to 
be expected and may be prolonged if there was significant 
pulmonary congestion preoperatively. After surgery, normal 
arterial biood gas and pulse oximetry should be expected. 

Tetralogy of Fallot 

Tetralogy of Fallot (TOF) is one of the most common con- 
genital heart abnormalities. 33 Classically, TOF includes four 
components: (1) pulmonary artery stenosis, (2) ventricular 
septal defect, (3) overriding aorta to the right, and (4) right 
ventricular hypertrophy (Figure 24-15). The degree of pul¬ 
monary artery stenosis may range from mild stenosis to 
complete pulmonary atresia. Depending on the degree of 
the pulmonary stenosis, the magnitude of shunting 
through the VSD will vary. In mild stenosis, the shunt may 
be left to right and the infant may not have cyanosis. 
Colloquially, these infants are referred to as “pink tetralogy” 


or “pink tets.” More severe pulmonary stenosis results in a 
right-to-left shunt that causes significant cyanosis. At birth, 
infants with TOF may only be mildly cyanotic as a result 
of adequate pulmonary biood flow with the contribution 
of the ductus arteriosus. As the ductus arteriosus con- 
stricts, however, the baby may become more cyanotic. In¬ 
fants with pulmonary atresia or very severe pulmonary 
stenosis may be dependent on the ductus arteriosus as 
the source of pulmonary biood flow. These patients require 
prostaglandin El to maintain ductal patency until surgery 
or cardiac catheterization can be performed. Even infants 
without sustained cyanosis may have spells of profound 
cyanosis, often referred to as “tet” spells. These spells 
are due to a change in Qp/Qs. Both changes in systemic 
vascular resistance and changes in pulmonary vascular 
resistance may lead to “tet” spells. The spells are character- 
ized by (1) hyperpnea or exaggerated, deep spontaneous 
breathing; (2) irritability and prolonged crying; (3) cyanosis; 
(4) decreased intensity of the heart murmur; and (5) syn- 
cope. The decreased pulmonary biood flow and resultant 
cyanosis can increase PVR, which may lead to even more 
right-to-left shunting, forming a vicious cycle of hypox- 
emia. Box 24-1 describes steps that may be used to break 
the cycle of a “tet” spell. 

As mentioned previously, the clinical Spectrum of presen¬ 
tation is wide and depends on the degree of right ventricular 
outflow tract (RVOT) obstruction. Chest auscultation may 
reveal a harsh systolic murmur at the right upper sternal 
border, reflecting the RVOT stenosis. Chest radiography 
of patients with TOF classically reveals a “boot-shaped” 
appearance of the heart, which is a result of the narrow 
mediastinum and the effects of RVOT obstruction that 
leads to right ventricular hypertrophy. 
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FIGURE 24-15 Tetralogy of Fallot. Overriding aorta, pulmonary artery stenosis, right atrial hypertro¬ 
phy, and a ventricular septal defect. A patent ductus arteriosus is often present to allow pulmonary 
biood flow if pulmonary stenosis is severe. PDA, Patent ductus arteriosus. 
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Box 24-1 


Treatment of “Tet” Speils 


• Knee-chest position: Increases systemic vascular resis- 
tance and promotes biood flow from the right ventricle 
to the pulmonary artery rather than the aorta 

• Morphine sulfate: Decreases irritability and may lead to 
pulmonary artery dilation, which will increase pulmonary 
biood flow 

• Oxygen: Improves oxygenation and decreases pulmonary 
vascular resistance 

• Beta blockers (propranolol): May relax RVOT spasms 

• Systemic vasoconstrictors (phenylephrine): Increase 
systemic vascular resistance to promote pulmonary 
biood flow 

• Sodium bicarbonate: Administered to treat acidosis; 
decreases PVR 

PVR, Pulmonary vascular resistance; RVOT, right outflow tract 

obstruction. 


The timing and exact procedure of surgery for TOF de- 
pend on the patient’s underlying anatomy and physiology. 
All children typically receive repair before 1 year of age. In¬ 
fants with uncomplicated anatomy are typically repaired 
at approximately 3 months. 34 Some centers perform repair 
earlier, including in the neonatal period. 35,36 Surgical repair 
of TOF requires a median sternotomy and cardiopulmo- 
nary bypass. The main goal of repair is relieving the RVOT 
obstruction and closing the VSD with a patch. Relieving 
RVOT obstruction may be achieved by a transannular 
patch, where infundibular tissues are resected and the RVOT 
is widened with a patch that crosses the valve annulus. This 
often results in pulmonary insufficiency; therefore, in 
patients with less severe degrees of RVOT obstruction, a 
“valve-sparing approach” is performed, where the subvalvular 


and supravalvular obstruction is relieved but no patch is 
placed across the annulus. 3 More severe degrees of RVOT 
obstruction sometimes require a Blalock-Taussig shunt or 
other type of shunt to provide adequate pulmonary biood 
flow. Finally, other variations of TOF, such as TOF with 
absent pulmonary valve, and TOF with pulmonary atresia 
require different approaches and techniques for manage¬ 
ment that are beyond the scope of this chapter. 

The postoperative care after repair of TOF always in- 
cludes mechanical ventilation. Surgeons commonly leave 
open the foramen ovale or create a small ASD in order to 
relieve right-sided pressures that may occur with RVH 
and decreased RV compliance in the postoperative period. 
Because of this, patients may have residual right-to-left 
shunting and systemic oxygen saturations in the upper 80s 
to lower 90s in the setting of higher right-sided heart pres¬ 
sures. Conduction abnormalities and arrhythmias are 
common complications in the postoperative period such 
that many of these patients have atrial and ventricular 
pacing wires placed intraoperatively. 

Truncus Arteriosus 

Truncus arteriosus is a rare defect in which a single great 
artery arises from the ventricles of the heart, supplying the 
systemic, pulmonary, and coronary arteries (Figure 24-16). 
A large VSD allows complete mixing of biood in the ven¬ 
tricles. The biood passes through a truncal valve before 
passing into the common truncus. The cardiac output and 
systemic oxygen saturations are determined by the balance 
between PVR and SVR. As PVR drops in the first several 
days of life, more biood flows to the lungs relative to the 
body, resulting in decreased systemic perfusion. If SVR 
decreases, biood will flow more to the body, leading to de¬ 
creased pulmonary biood flow and hypoxemia. 
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FIGURE 24-16 Truncus arteriosus. A single great artery arises from the ventricles carrying both pulmonary 
and systemic biood flow. 
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Chest radiograph often reveals cardiomegaly as a result 
of biventricular enlargement. Lung markings are increased. 
A right aortic arch is present 20% of the time. The clinical 
presentation is related to the degree of pulmonary biood 
flow, which may increase as PVR drops. Infants may pre¬ 
sent with respiratory distress and signs of CHF. Often 
cyanosis is not apparent. Patients commonly require intu- 
bation and mechanical ventilation because of unstable 
hemodynamics and in order to balance pulmonary and 
systemic biood flow. Goal biood gases should follow the 
“rule of forties” in order to achieve a relatively balanced 
circulation. Extreme care must be used with oxygen ther- 
apy because oxygen-induced pulmonary vasodilation may 
lead to decreased systemic biood flow and shock. 

Previously, palliative pulmonary artery banding was 
performed to stabilize the patient until definitive repair 
could be undertaken. PA banding was found to be associ- 
ated with deformity of the pulmonary artery and pulmo¬ 
nary vascular disease, so most patients now have primary 
repair in the neonatal period. 38,39 Surgical correction in- 
volves separating the branch pulmonary arteries from the 
main truncus (see Figure 24-16). Avalved conduit is placed 
from the RV to the pulmonary arteries. The VSD is closed 
with a patch. Postoperatively, mechanical ventilation is 
always required. Normal arterial biood gases and pulse 
oximetry should be expected. Other postoperative issues 
may include pulmonary hypertensive crises and low cardiac 
output syndrome. 

Transposition of the Great Arteries 

Transposition of the great arteries (TGA) is one of the 

most common congenital heart defects. 40 In TGA the posi¬ 
tions of the aorta and the pulmonary artery are reversed, 


with the aorta arising from the RV and the pulmonary ar¬ 
tery arising from the LV (Figure 24-17). The physiological 
result is that the two circulations are in parallel rather 
than in series with each other. Deoxygenated systemic 
venous biood passes through the right side of the heart 
and to the body without flowing through the lungs. Oxy- 
genated pulmonary venous biood passes through the left 
side of the heart and back to the lungs without flowing to 
the body. Survival depends on mixing at one or more 
points in the circulation. The potential sites for mixing of 
biood are ASDs, VSDs, or the PDA. 

The main clinical sign of TGA is cyanosis that is not 
responsive to oxygen therapy. Chest radiography of TGA is 
often normal, though the cardiac silhouette may have the 
classic “egg on a string” appearance. The presentation of 
TGA depends on the amount of mixing at the previously 
mentioned sites. Neonates with a VSD or ASD often pre¬ 
sent with good mixing and only mild cyanosis. Those with 
TGA with an intact ventricular septum may present with 
severe cyanosis unless there is a sizeable ASD to provide 
adequate mixing. Because of cyanosis, many infants with 
TGA are intubated and require mechanical ventilation to 
improve hypoxemia and acidosis. Once the diagnosis of TGA 
is suspected, prostaglandin El should be started immedi- 
ately to maintain ductal patency and to facilitate mixing. 
If the baby has ongoing evidence of hypoxemia, this may 
indicate inadequate mixing at the atrial level. In this set- 
ting, balloon atrial septostomy (BAS, also known as the 
Rashkind procedure) is performed. This procedure can be 
performed at the bedside under echocardiographic guid- 
ance or in the cardiac catheterization laboratory. After 
BAS, PGE1 often can be discontinued and the infants may 
be extubated and allowed to feed by mouth until surgery. 
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FIGURE 24-17 Transposition of the great arteries. The aorta arises from the right ventricle, and the 
pulmonary artery arises from the left ventricle. A patent ductus arteriosus is necessary to allow pulmo¬ 
nary biood flow. PDA, Patent ductus arteriosus. 
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Before the 1980s, surgical correction of TGA was 
achieved wirh an “atrial switch procedure,” such as the 
Mustard or Senning operation (Figures 24-18 and 24-19). 
These procedures involved creating an atrial level baffle 
that directed SVC and IVC biood to the mitral valve and 
pulmonary venous biood to the tricuspid valve. Long-term 
complications associated with the atrial switch operation 



FIGURE 24-18 Mustard procedure. The atrial septum is re- 
moved, and a conduit is placed inside the atria. Biood from the 
right atrium is directed to the mitral valve, into the left ventricle, 
out the pulmonary artery, and then to the lungs. Biood from 
the pulmonary veins is directed from the left atrium by a baffle 
to the tricuspid valve. It then flows into the right ventricle and out 
the aorta. 



FIGURE 24-19 Rastel I i procedure. Biood is routed from the 
right ventricle to the pulmonary artery through the ventricular 
septal defect using a conduit. The pulmonary artery is separated 
and is anastomosed to the aorta 


led to the development of the arterial switch operation 
(ASO), also known as the Jatene operation (Figure 24-20). 
This procedure is now the preferred surgical correction for 
TGA. 41 ' 41 Typically, surgical repair of TGA is performed 
within the first 2 weeks of life. The ASO is performed via a 
median sternotomy under cardiopulmonary bypass. The 
main trunks of the aorta and the pulmonary artery are 
transected above their respective origins on the heart. The 
coronary arteries are resected from the aortic sinus area 
and are ultimately reimplanted into the pulmonary artery. 
The portion of the pulmonary artery attached to the LV is 
attached to the cut section of the aorta. The portion of the 
aorta attached to the RV is attached to the cut section of 
the pulmonary artery. The result of this procedure is an 
anatomical repair, with oxygenated biood flowing from 
the left ventricle and into the aorta and deoxygenated 
biood flowing from the right ventricle into the pulmonary 
artery. 

After the ASO, infants typically require mechanical ven¬ 
tilation for at least 24 hours. Normal arterial biood gas and 
pulse oximetry should be expected. Common postoperative 
issues include low cardiac output syndrome and rhythm 
disturbances. It is also important to remain on the lookout 
for signs of coronary artery insufficiency, such as increased 
left atrial pressures, poor systemic perfusion, or ST changes 
on the echocardiogram (ECG). Because part of the ASO 
involves resection and reimplantation of the coronary 
arteries, coronary artery spasm or occlusion are potential 
serious complications in the postoperative period. 

Pulmonary Atresia with Intact 
Ventricular Septum 

Pulmonary atresia with intact ventricular septum (PA/IVS) 
is a condition in which biood flow out of the right ventricle 



FIGURE 24-20 Arterial switch. The pulmonary artery and aorta 
are separated from their respective origins and reattached to pro- 
vide normal pulmonary and aortic biood flow. 
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is obstructed because of atresia of the pulmonary valve. 
The RV is typically hypertrophied and the RV cavity is of¬ 
ten hypoplastic. The left side of the heart receives biood 
from the right side via an ASD or patent foramen ovale. 
Pulmonary biood flow is ductal dependent. 

Infants with PA/IVS present early with cyanosis and aci- 
dosis. Prostaglandin El is necessary to establish pulmonary 
biood flow via the ductus arteriosus. Patients often require 
mechanical ventilation as a result of hypoxemia, acidosis, 
and prostaglandin-induced apnea episodes. Because there 
is total venous mixing, oxygen therapy should be used judi- 
ciously to maintain the balance between pulmonary and 
systemic biood flow. Pao 2 and Paco 2 should be kept near 
40 mm Hg, and goal saturations are approximately 75%. 

Treatment of PA/IVS includes both catheter-based and 
surgical interventions. Catheter-based options include 
perforation of the atretic valve with radiofrequency cath- 
eters or lasers with subsequent balloon dilation. 45 ' 49 
There is considerable controversy regarding the efficacy 
of catheter-based interventions compared with surgical 
interventions, but typically only infants with mild RV 
hypoplasia are thought to be candidates for a catheter- 
based intervention. 

Surgical options for PA/IVS also depend on the degree 
of RV hypoplasia in a given patient. Patients with mild RV 
hypoplasia may have a biventricular repair, with a surgery 
to elimination of RVOT obstruction. Children with sig- 
nificant RV hypoplasia typically proceed down the staged 
single ventricle palliation pathway, with ultimate conver- 
sion to the Fontan operation. 

Postoperative considerations after the BT shunt, Glenn, 
and Fontan surgeries were discussed earlier in this chapter. 

Tricuspid Atresia 

Tricuspid atresia (TA) is a condition in which there is com- 
plete obstruction of biood flow between the right atrium 
and right ventricle. There must be an interatrial connec- 
tion to supply biood flow to the left side of the heart. 
Typically the RV is hypoplastic and may be connected to 
the LV via a VSD. TA is a single ventricle lesion; pulmonary 
biood flow is ductal dependent. 

Most infants with TA present with cyanosis during the 
first month of life. The cardiac silhouette on chest radio- 
graph may be small or normal if there is not excessive 
pulmonary biood flow. Before surgery, infants must be 
maintained on prostaglandin E2 to ensure adequate pul¬ 
monary biood flow via the ductus arteriosus. Intubation 
and mechanical ventilation may be necessary in the setting 
of significant hypoxemia or acidosis. 

TA is typically managed with single ventricle palliation. 
The first stage is typically the modified Blalock-Taussig 
shunt that is performed in the neonatal period. Children 
with TA ultimately require the Glenn and later Fontan 
procedures. The details of the Blalock-Taussig shunt and 
Glenn and Fontan procedures, along the postoperative 
care, were discussed earlier. 


CLINICAL MONITORING OF 
PATIENTS WITH CARDIAC 
ANOMALIES 

Hemodynamic Monitoring 

Children with congenital heart disease require close moni¬ 
toring of their hemodynamic parameters. Both noninva- 
sive and invasive monitoring devices have been developed 
to aid the clinician in managing these patients. The sys¬ 
temic biood pressure is one of the basic hemodynamic 
parameters that is followed. Biood pressure may be moni¬ 
tored noninvasively, using an occlusive cuff around an 
extremity, or invasively, by use of an arterial line, which is 
a plastic catheter that dwells within an artery. An arterial 
line has the advantage of providing continuous pressure 
biood pressure monitoring along with a reliable source of 
access for laboratory monitoring. Clinicians often follow 
the systolic biood pressure and the mean arterial pressure 
as surrogates of end-organ biood flow. The diastolic biood 
pressure is important to follow because coronary artery 
perfusion occurs during diastole. The pulse pressure is the 
difference between the systolic and diastolic biood pres¬ 
sure. A narrow pulse pressure may be seen in conditions 
such as cardiac tamponade. A widened pulse pressure may 
be observed during periods of low systemic vascular resis- 
tance, such as sepsis, or in the setting of a lesion producing 
diastolic “run ofif,” such as in the setting of a Blalock- 
Taussig shunt. 

Another frequently measured intravascular pressure is 
the central venous pressure (CVP). The CVP is measured in 
the large veins, typically the superior vena cava or the infe¬ 
riør vena cava. The pressure may be transduced continu- 
ously through the lumen of a central venous catheter. CVP 
readings are commonly used as a surrogate of venous biood 
return to the heart (preload), though elevated CVP values 
may also reflect poor right ventricular compliance or ele¬ 
vated pulmonary vascular resistance. The normal CVP 
waveform has a number of different components that re¬ 
flect different portions of the cardiac cycle (Figure 24-21). 
The a wave indicates contraction of the right atrium with 
the tricuspid valve open. It is followed by the c wave, which 
indicates ventricular contraction against the closed tricus¬ 
pid valve. This is followed by the x descent, which is caused 
by ventricular contraction and pulling of tricuspid valve 
away from the right atrium. Next comes the v wave, which 
is caused by atrial Alling. The final portion is the y descent, 
which reflects opening of the tricuspid valve and emptying 
of right atrium. A number of pathological conditions may 
induce changes in the normal CVP waveform. For example, 
“cannon a waves” are observed when the right atrium con- 
tracts against a closed tricuspid valve, such as one might 
observe in the setting of cardiac arrhythmias that result in 
loss of atrioventricular synchrony. 

Sometimes, direct measurements of intracardiac pres¬ 
sures provide additional helpful data in the management 
of children with congenital heart disease. Direct right 
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a wave x descent v wave y descent 

Atrium contracting Atrium relaxing then Atrium tense, full; Atrium emptying, 
Tricuspid vale open filling, tricuspid closed tricuspid closed tricuspid open 
FIGURE 24-21 Central venous pressure tracing. Includes a wave, caused by contraction of atria; c wave, 
caused by ventricular contraction against closed tricuspid valve; x descent, caused by ventricular contrac¬ 
tion and pulling of tricuspid valve away from right atrium; vwave, caused by atrial filling ; ydescent, caused 
by opening of tricuspid valve and emptying of right atrium. 


atrial pressures or left atrial pressures are measured via 
catheters placed intraoperatively. Right atrial pressure 
values often are used as surrogates of right-sided preload. 
In addition, they may be elevated in the setting of de- 
creased RV function, poor RV compliance, or increased 
PVR. Left atrial pressure monitoring provides a surrogate 
of the left ventricular end-diastolic pressure, assuming a 
competent mitral valve. Elevated left atrial pressures may 
be seen with left ventricular dysfunction, volume overload, 
and mitral regurgitation. 

Pulse Oximetry 

Pulse oximetry is a fundamental monitoring device in chil- 
dren with congenital heart disease. In addition to measur- 
ing systemic oxygenation, it can also be used to measure 
the degree of right-to-left shunting in lesions where this is 
a possibility. This is done by measuring preductal and 
postductal saturations. Preductal saturations are mea¬ 
sured by placing the pulse oximeter on the right upper 
extremity. Postductal saturations are reflected by placing 
the pulse oximeter on any other extremity, though the 
lower extremities are preferred because pre- and postductal 
biood may be incompletely mixed at the left upper extrem¬ 
ity. If postductal saturations are 5% to 10% lower than 
preductal saturations, then right-to-left shunting should 
be suspected. Several conditions may affect the reliability 
of pulse oximetry readings. At low oxygen saturations 


(Sao 2 less than 80%), pulse oximetry has been shown to be 
less accurate when compared with Sao 2 greater than 90%. 50 
Some newer generation pulse oximeters have improved 
reliability at lower saturations. 51 ' 53 Other factors that may 
contribute to inaccurate pulse oximeter readings include 
intravenous methylene blue, excessive ambient light, and 
patient motion. 

Capnography 

Capnography, or continuous measurement of end-tidal 
C0 2 (etco 2 ), should be used in all mechanically ventilated 
children with congenital heart disease. etco 2 correlates 
well with Paco 2 , with a normal gradient of 2 to 5 mm Hg 
between the two. 54 Decreased etco 2 measurements may be 
caused by endotracheal tube dislodgement or obstruction, 
air trapping, decreased pulmonary biood flow, low cardiac 
output, or hyperventilation. Elevated etco 2 measurements 
are associated with hypoventilation, fever, or malignant 
hyperthermia. Increases in the gradient between the Paco 2 
and the etco 2 may be indicative of increased dead space, 
lower pulmonary biood flow, high airway pressures lead- 
ing to alveolar overdistention, and pulmonary embolism. 

Capnography is useful in a number of specific scenarios 
when caring for critically ill children. Capnography may be 
used immediately after intubation to distinguish between 
endotracheal and esophageal tube placement. 55 Continuous 
etco 2 readings allow real-time monitoring of ventilation 
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and serve an important patient safety function by relaying 
data on proper endotracheal tube placement. The magni- 
tude of the etco 2 tracing may be used as a surrogate of 
efficacy of cardiopulmonary resuscitation (CPR). 56,57 Finally, 
in children with a Blalock-Taussig shunt, a precipitous drop 
in the etco 2 may indicate a loss of pulmonary biood flow as 
a result of shunt thrombosis. 

Cardiac Output Monitoring 

Monitoring cardiac output (CO) during the perioperative 
period in patients with congenital heart disease is critical. 
CO may be measured directly or may be followed using a 
number of surrogates. Direct CO measurement requires 
an invasive catheter and typically relies on the indicator- 
dilution technique. The technique relies on the principle 
that biood flow is equal to the consumption of a substance 
divided by the difference in the content of the substance 
across a vascular bed. A change in dye or a change in tem¬ 
perature (thermodilution) has been used to calculate CO 
in children. In addition to dye dilution or thermodilution, 
clinicians can use the change in oxygen across a vascular 
bed to determine cardiac output, a technique that relies 
on the Fick principle. To calculate CO, for example, one 
would measure the oxygen consumption using calorime- 
try and divide that by the difference in oxygen content 
in biood between the aorta and the pulmonary artery. As- 
suming a stable oxygen consumption and a stable arterial 
oxygen saturation, a drop in the saturations in the pulmo¬ 
nary artery would indicate a drop in CO. Because many 
patients lack a pulmonary artery catheter, central venous 
saturations, such as saturations from the SVC, have been 
used as a mixed venous saturation (Svo 2 ). Decreased Svo 2 
has been correlated to low cardiac output in children with 
congenital heart disease. 58 

To reduce the risks associated with invasive monitor¬ 
ing, clinicians often rely on noninvasive monitors of CO. 
Near-infrared spectroscopy (NIRS) monitors are a newer 
technology that measure the venous oxygen saturation in 
different regions of the body. Several studies have shown 
that NIRS values correlate well with S vo 2 and may be used 
as a real-time indicator to follow cardiac output trends. 59 ' 61 
The common sites of regional NIRS monitoring include 
cerebral, splanchnic, renal, and muscle. Echocardiography 
is also sometimes used to estimate CO. Other important 
surrogates of CO to monitor during the perioperative pe¬ 
riod include serum lactate, urine output, and neurologi- 
cal status. 


RESPIRATORY CARE OF 
PATIENTS WITH CARDIAC 
ANOMALIES 

Ventilator Management 

Though the fundamentals of respiratory care for patients 
with congenital heart anomalies are similar to those for all 
patients, there are several important considerations in this 


population. In general, the underlying anatomy and phys- 
iology of a given patient should dictate the ventilatory 
strategy and goal gas exchange for each patient. For details 
of the ventilatory strategy for each of the common con¬ 
genital heart defects, refer to the pertinent section in this 
chapter. 

Of particular importance in many patients with con¬ 
genital heart disease is the interaction between ventilation 
and the heart. Positive-pressure ventilation increases intra- 
thoracic pressures, which in turn decrease systemic venous 
return to the right atrium. This is effectively the preload to 
the heart, so increasing levels of positive intrathoracic 
pressure may decrease cardiac output by diminishing car¬ 
diac preload. Conversely, negative pressure ventilation 
may increase systemic venous return and therefore cardiac 
output. This is of particular importance in patients with 
cavopulmonary anastomoses (Glenn and Fontan surgeries) 
where pulmonary biood flow is passive and very depen- 
dent on intrathoracic pressures. Early extubation to physi- 
ological negative intrathoracic pressures improves the 
hemodynamics in these patients. 

Positive-pressure ventilation also has a significant effect 
on pulmonary vascular resistance and the balance between 
systemic and pulmonary vascular resistances (Qp/Qs). 
Normally, the ratio of Qp/Qs is 1. A number of interven¬ 
tions may affect PVR; these are listed in Box 24-2. 

Like the ventilatory strategy, the timing of extubation 
depends on factors such as the underlying physiology, the 
extent of the surgical procedure, the duration of cardio¬ 
pulmonary bypass, and the cardiac function, in addition 
to the parameters one typically assesses in monitoring for 
extubation readiness in the general population of those 
who are mechanically ventilated. Many patients with con¬ 
genital heart disease do not require mechanical ventilation 


Box 24-2 


Interventions That Affect PVR 


INCREASE 

- I P H 

• J, Minute ventilation to \ Paco 2 S 45 mm Hg 

• I Inhaled C0 2 to pH 

• | Fio 2 

• \ Mean airway pressure 

• I PIP, | PEEP, / Respiratory rate, \ l/E ratio 

DECREASE 

• T P H 

• | Minute ventilation to j, Paco 2 to < 45 mm Hg 

• t Fl °2 

• J, Mean airway pressure 

PHARMACOLOGY 

• PGE1 

• iNO 

• Prostacyclin 

I/E, Inspiratory to expiratory; iNO, inhaled nitric oxide; PEEP, 
positive end-expiratory pressure; PIP, peak inspiratory pressure; 
PGE1, prostaglandin El 
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preoperatively and are ventilator-dependent only in the 
immediate postoperative period. Such children may be 
extubated in the operating room or within the first 4 to 
6 hours postoperatively, with good outcomes. 62-64 Other 
patients may be extubated sooner because of the deleteri- 
ous effects of positive-pressure ventilation on their cardiac 
output. For example, children who undergo Glenn or Fon¬ 
tan procedures have pulmonary biood flow that is passive. 
Physiological negative intrathoracic pressure improves 
pulmonary biood flow and therefore cardiac output, 
whereas positive-pressure ventilation may impede pulmo¬ 
nary biood flow. 65 

A number of studies have sought to identify specific 
predictors of successful extubation of children. Modalities 
such as daily spontaneous breathing tests, ventilator wean- 
ing protocols, and diaphragmatic function have all been 
used to attempt to assess extubation readiness in children, 
yet no factor reliably predicts successful extubation. 66,67 No 
single factor has been identified that reliably predicts extu¬ 
bation failure in children. In general, extubation criteria for 
most cardiac surgery patients include (1) an intact cough 
with the ability to clear the airway; (2) adequate oxygen- 
ation with the Fio 2 less than or equal to 0.4; (3) normalized 
Paco 2 in the presence of a normal spontaneous respiratory 
rate for the patient’s age; and (4) adequate cardiac output. 
The final point is of particular importance in children 
with myocardial dysfunction. The transition from positive- 
pressure ventilation to physiological negative-pressure 
ventilation has the potential to increase afterload on the 
systemic ventricle. This may negatively affect cardiac out¬ 
put, so the respiratory care practitioner must be attentive 
to signs of low cardiac output on extubation of patients 
with marginal cardiac function. 


Inhaled Nitric Oxide Therapy 

Inhaled nitric oxide is a potent pulmonary vasodilator that 
has the potential to decrease pulmonary vascular resis- 
tance. Though some patients with pulmonary hyperten¬ 
sion have PVR that is not responsive to nitric oxide (“fixed” 
pulmonary hypertension), many others have PVR that is 
significantly decreased by this drug. 

Gas Mixtures to Increase 
Pulmonary Vascular Resistance 

Neonates with single ventricle physiology may develop 
signs of systemic hypoperfusion as pulmonary vascular 
resistance drops, favoring more biood flow to the pulmo¬ 
nary vascular bed at the expense of the systemic vascular 
bed. In addition to other therapies aimed at increasing 
PVR discussed earlier, clinicians sometimes use gas mix¬ 
tures to increase PVR. 

If a patient has excessive pulmonary biood flow and 
Fio 2 is 0.21, one may decrease the Fio 2 further by blending 
amounts of nitrogen in the inhaled gas. Known as subam- 
bient or subatmospheric oxygen therapy, this requires the 
use of a specially modified external blender system in 
which pure nitrogen is attached to the oxygen inlet of 
the external blender (Figure 24-22). The outflow of the 
external blender is then attached to the air inlet of the 
ventilator. The ventilator Fio 2 control is left at 0.21 and 
the patient’s actual Fio 2 is controlled by the external 
blender. Turning up the control knob on the external 
blender decreases the Fio 2 delivered to the patient. It is pos- 
sible to administer pure nitrogen with this setup if the 
blender control knob is maximally increased. When using 
this setup, special care must be taken to avoid inadvertent 
delivery of low oxygen. A continuous oxygen analyzer must 


Oz Air 



FIGURE 24-22 Schematic representation of the equipment used for administration of subambient 
oxygen levels through a ventilator. 
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be placed in the line with alarms for high and low levels of 
oxygen. Another safeguard that may be employed is requir- 
ing two clinicians to check the setup before applying it to 
the patient. Typically clinicians target oxygen saturations 
of 75% to 85%, using an Fio 2 as low as 0.16 to 0.17. 

PVR may also be increased by adding C0 2 to the inhaled 
gas. 23,68 ' 70 This therapy, known as hypercarbic therapy, in- 
creases Paco 2 directly by increasing Fico 2 . Typically 2% to 
5% C0 2 is mixed in with the inhaled gas to target an oxy¬ 
gen saturation of 75% to 58%. Adding inhaled C0 2 to the 
breathing mixture of a spontaneously breathing patient 
will increase ventilatory drive and precipitate tachypnea. 
For this reason, this therapy should only be used in pa¬ 
tients who are intubated and heavily sedated or under 
neuromuscular blockade. One method for delivering ele- 
vated Fico 2 uses a modified air-oxygen mixer that bleeds 
C0 2 into the ventilator circuit. Fico 2 must be closely mon¬ 
itored in the inspiratory portion of the ventilator circuit. 
One may use a capnometer with high and low Fico 2 alarms 
to safely deliver C0 2 in this manner. 

KEY POINTS 

• Biood flow in newborns is similar to that in older children 
and adults, but several intrauterine shunts may persist 
after birth. 

• Shortly after birth several physiological changes occur, 
including closure of the ductus arteriosus, decrease 

in pulmonary vascular resistance, and closure of the 
foramen ovale. 

• Shunt refers to biood that deviates from its normal 
flow pattern and may be right to left or left to right 
in different cardiac defects. 

• There are a number of different classification schemes 
for congenital heart defects including classification by 
presence or lack of cyanosis, by shunt-type lesions, by 
lesions that result in obstructed biood flow, and by 
miscellaneous structural lesions, including those with 
abnormal valve anatomy or function. 

• In understanding the various congenital heart defects, 
one must understand both the anatomy of each lesion 
and its underlying physiology. 

• Pulmonary vascular resistance may be altered by changes 
in pH, in oxygenation, and in mean airway pressure. 

• In heart lesions where there is mixing of pulmonary 
and systemic biood, therapeutic maneuvers often 
target a balance in the ratio of pulmonary to systemic 
biood flow (Qp/Qs). 

• Positive-pressure ventilation may negatively affect the 
pulmonary biood flow or cardiac output in children 
with a number of heart defects, particularly those who 
have undergone the Glenn or Fontan procedures. 

• In addition to the routine monitoring common to all 
patients in the intensive care unit, children with con¬ 
genital heart disease are often monitored with devices 
that estimate cardiac output or with intravascular 
devices that provide data on hemodynamics. 


[ ASSESSMENT QUESTIONS 

See Evolve Resources for the answers. 

1. Normal transition to extrauterine life depends on the 
pulmonary vascular system: 

A. Remaining in a steady State of balance with the 
hepatic biood flow 

B. Changing from a low pulmonary vascular resistance 
to a high pulmonary vascular resistance 

C. Changing from a high pulmonary vascular resis¬ 
tance to a low pulmonary vascular resistance 

D. Maintaining a patent ductus arteriosus 

2. Which of the following affects pulmonary vascular 
resistance? 

A. Changes in Pao 2 

B. Changes in Paco 2 

C. Changes in pH 

D. All of the above 

E. None of the above 

3. What are the two categories that have typically been 
used to classify congenital cardiac defects? 

A. Right sided versus left sided 

B. Atrial versus ventricular 

C. Cyanotic versus acyanotic 

D. S imple versus complex 

E. Above versus below the diaphragm 

4. The patent ductus arteriosus connects which two 
vessels? 

A. Superior vena cava and the pulmonary artery 

B. Aorta to the pulmonary artery 

C. Pulmonary artery and the pulmonary vein 

D. Coronary arteries and the aortic arch 

E. Ductus venosus to the right atrium 

5. What is the therapeutic goal of subambient oxygen 
therapy? 

A. Increase the pulmonary vascular resistance 

B. Balance biood flow between the vena cava and 
the right atrium 

C. Decrease pulmonary vascular resistance 

D. I ncrease diastolic biood pressure 

6. The purpose of managing pulmonary vascular resis¬ 
tance in the presence of cardiac defects is to ensure 
the desired balance between systemic and pulmonary 
biood flow. 

A. True 

B. False 

7. Tetralogy of Fallot consists of which four concomitant 
conditions? 

I. Truncus arteriosus 

II. Left ventricular hypertrophy 

III. Right ventricular hypertrophy 

IV. Overriding aorta 

V. Interrupted aortic arch 

VI. Pulmonary stenosis 

VII. Ventricular septal defect 

VIII. Right ventricular outflow tract obstruction 

A. I, II, III, V 

B. III, IV, VI, VII 

C. V, VI, VII, VIII 
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8. In complete transposition of the great arteries, the 
aorta and the pulmonary artery circulation run in 
series. 

A. True 

B. False 

9. Forwhich condition is positive pressure most likely to 
have a negative impact on pulmonary biood flow and 
cardiac output? 

A. Unrepaired truncus arteriosus 

B. Total anomalous venous return 

C. Situs inversus 

D. Bidirectional Glenn 

10. Increasing gradients between ETCO 2 and Pacc >2 in 
patients with congenital cardiac defects are often 
the result of: 

A. Loss of calibration 

B. Ventilation-perfusion mismatching 

C. Equipment malfunction 
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LEARNING OBJECTIVES 

After read'mg this chapter the reader will be able to: 


1. Describe normal sleep development 

7. Describe a sleep history and physical examination 

2. Describe normal sleep architecture 

8. Describe the basic measurements made during a 

3. Describe the difference between central and obstructive 

sleep study 

apnea 

9. Name the most common cause of obstructive sleep 

4. Describe the difference between SIDS and ALTE 

apnea in children 

5. Name the intervention that altered the incidence ofSIDS 

10. Name the two most common treatments for 

6. Describe the pathophysiology of obstructive sleep apnea 

obstructive sleep apnea 

KEY TERMS 


Acute life-threatening event (ALTE) 
Apnea of prematurity (AOP) 

Central sleep apnea (CSA) 
Continuous positive airway pressure 
(CPAP) 


EEG arousal 

Electroencephalogram (EEG) 
Non-rapid eye movement (NREM) 
sleep 

Obstructive sleep apnea (OSA) 


Periodic breathing 
Rapid eye movement (REM) sleep 
Sleep architecture 
Sleep-disordered breathing (SDB) 
Sudden infant death syndrome (SIDS) 


INTRODUCTION 

Sleep may be defined as a neurophysiologically distinet State 
of awareness that is required for human health. It involves the 
intersection of developmental, physiological, homeostatic, 
and behavioral mechanisms. The funetion of sleep in mam- 
mals is not well understood. Nevertheless, sleep deprivation 
causes serious neurocognitive deficits and is lethal in animals. 
The association of disordered sleep and daytime funetion has 
long been appreciated. Sir William Osler stated that “chronic 
enlargement of the tissues of the tonsillar ring is an affeetion 
of great importance and may influence in an extraordinary 
way the mental and bodily development of children. ... At 
night the child’s sleep isgreatly disturbed; the respirations are loud and 
snorting and there are sometimes prolonged pauses, followed by deep 


noisy inspirations/’ 1 The neurodevelopmental and cognitive 
consequences of disturbed sleep in childhood are now an area 
of intense study. 

NORMAL SLEEP DEVELOPMENT 

Sleep patterns progressively change throughout child¬ 
hood. 2 ’ 3 A normal newborn spends 70% of a 24-hour day 
asleep. The baby typically has 3- to 4-hour sleep periods with 
1- to 2-hour awake periods. In the first few months of life, 
babies have not yet become fully entrained to a day-night 
cycle, but a circadian rhythm consolidates by about the 
eighth week. Critical sleep reorganization occurs between 8 
to 12 weeks. Non-rapid eye movement (NREM) sleep 
develops by 6 months while rapid eye movement (REM) 
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Box 25-1 

Sleep Du ration By Age 

Full-term Infant 

16-18 hours 

1 year 

1 5 hours 

2 years 

13-14 hours 

4 years 

12 hours 

1 0 years 

8-10 hours 

Mid-adolescence 

8.5 hours 

Later adolescence 

7-8 hours 


sleep amount decreases. At 6 months, total sleep time is 
13 to 14 hours and sleep episodes are 6 to 8 hours in dura¬ 
tion. Seventy percent of infants are sleeping through the 
night at 9 months. Toddlers’ total sleep time decreases fur- 
ther to about 12 to 14 hours. The sleep cycle length is about 
60 minutes. Daytime sleep decreases throughout the first year. 
In preschool age children the sleep cycle lengthens to about 
90 minutes and total sleep time shortens to 11 to 12 hours. 
Daytime sleep continues to decrease, and most have given 
up napping by 4 to 5 years. The sleep pattern in school-age 
children becomes more stable and sleep time continues to 
decrease. Box 25-1 reviews the sleep duration by age. 

The electroencephalogram (EEG) is used to charac- 
terize sleep. 4 The EEG undergoes maturational changes 
throughout early childhood. The electrical activity re- 
corded at the surface of the scalp is a summation of electri¬ 
cal activity coming from deep brain structures. As the 
brain develops, the EEG changes rapidly. In utero the pat¬ 
tern is discontinuous. Three sleep stages are present in the 
term infant: (1) REM or active sleep, (2) NREM or quiet 
sleep, and (3) indeterminate sleep. REM sleep predomi- 
nates in the neonate. During this period REM may be 
observed at sleep onset, a pattern that is quite abnormal in 
later life. Quiet sleep (NREM) or slow wave sleep is poorly 
developed in infants. However, in the first year of life REM 
sleep duration decreases and NREM sleep duration in- 
creases. There is an intermediate EEG pattern that is 
referred to as indeterminate sleep because it is distinguish- 
able neither as REM nor NREM. As the child develops, 
REM sleep continues to decrease until the duration of 
REM stabilizes at approximately 20% to 25% of sleep time 
sometime after 2 years of age. REM is a period when brain 
metabolism is the highest and muscle activity is dramatically 
decreased. NREM sleep has been referred to as regenerative 
sleep. NREM sleep continues to increase in duration and 
peaks between 5 and 9 years and then decreases through¬ 
out the rest of life. When fully developed, NREM sleep has 
four distinet stages characterized by four EEG wave pat¬ 
terns. Quantification of these EEG stages provides the 
basis for a description of sleep architecture. In light, or 
stage 1, sleep, alpha wave activity predominates and slow 
eye rolling is observed. Stage 1 sleep is approximately 5% of 
the sleep period. Stage 2 sleep is 45% to 55% of the sleep 
period. The EEG contains sleep spindles and K complexes, 
markers of the stage. Stages 3 and 4 sleep together account 
for approximately 20% of sleep duration. This EEG stage 


contains slow waves. An additional important pattern is the 
EEG arousal. During an EEG arousal there is disruption of 
the quality and duration of the sleep stages but no arousal 
to wakefulness. Disruption of the sleep architecture by EEG 
arousals causes inefficient and nonrestorative sleep. 

DISORDERED BREATHING 
IN INFANTS 

Respiration is under both voluntary and involuntary 
control. There has been a dramatic increase in our under- 
standing of the anatomical, neurochemical, and genetic 
basis for the control of the rhythm of respiration. Respira- 
tory control matures as the brain matures. A number of 
features of this development place babies at inereased risk 
of sleep-disordered breathing (SDB). Classically models 
of control of respiration described central chemoreceptors 
in the medulla of the brainstem and peripheral chemore¬ 
ceptors in the carotid body. The central receptors respond 
to pH and carbon dioxide tension, whereas the peripheral 
receptors respond to hypoxia. These models are currently 
undergoing modification as new evidence emergesd In¬ 
fants have respiratory instability and very commonly have 
brief apneas up to 10 seconds. These pauses are typically 
REM related. Periodic breathing, a breathing pattern also 
common in infants, may be defined as a pattern of cycles 
of rapid breathing followed by pauses longer than 3 sec¬ 
onds. Each cycle may occur 2 to 3 times per minute. Brief 
apneas and periodic breathing decrease in frequency with 
inereasing age. Apnea is defined as a respiratory pause that 
is sustained for more than 15 to 20 seconds or as little as 
10 seconds if it is associated with bradyeardia or cyanosis. 
Central apnea occurs when respiratory effort ceases; there 
is no chest movement and hence no air flow. Diagnosis 
of central apnea must take into account a multitude of 
factors. Because infants normally have a more rapid base- 
line respiratory rate and a reduced respiratory reserve, 
and therefore less protection from hypoxia, shorter central 
events can be more clinically significant in this age group. 
Central apnea can yield significant physiological compro- 
mise such as bradyeardia or color change associated with 
declining oxyhemoglobin levels. 

A number of anatomical and physiological features 
place the neonate at inereased risk for SDB. Infants are 
near obligate nasal breathers. Nasal obstruction may para- 
doxically lead to central apnea in neonates or contribute to 
respiratory obstruction and lead to obstructive apnea. The 
shape of the chest is more rounded, the diaphragm tends 
to be flatter, and the rib articulation is less angular. There¬ 
fore the rib cage contributes less to overall breathing than 
in older children. Chest wall compliance is high in the 
infant. Unlike in the older child and adults in whom func- 
tional residual capacity (FRC) is maintained passively by 
chest wall recoil, FRC in neonates must be maintained 
actively. FRC is further decreased in REM during the 
period of decreased muscle activity. 








CHAPTER 25 • Pediatric Sleep-Disordered Breathing 


495 


Apnea of prematurity (AOP) is observed in infants 
born prematurely and is common among infants less than 
32 weeks of gestation. The pathophysiology of AOP is not 
fully understood. Immaturity of neural control of the car- 
diorespiratory system, often in conjunction with environ- 
mental stimuli, seems to be the basis of AOP. AOP is often 
treated with caffeine, which is thought to stimulate the 
respiratory centers. 

In central sleep apnea (CSA) there is an absence 
of respiratory effort and airflow. The American Academy 
of Pediatrics (AAP) defines CSA as “an unexplained epi¬ 
sode of cessation of breathing for 20 seconds or longer, or 
a shorter respiratory pause associated with bradycardia, 
cyanosis, pallor, and/or marked hypotonia.” 6 CSA in in¬ 
fants and children is often idiopathic but like AOP, imma¬ 
turity of the respiratory centers seems to play a role. When 
significant CSA is present, an underlying cause should be 
sought because there are many medical conditions associ¬ 
ated with CSA (Box 25-2). Central and obstructive apnea 
may be present at the same time in mixed apnea pattern 
(Figure 25-1). In some conditions, such as heart disease or 
obesity, central hypoventilation is due to reduced central 
chemoreceptor insensitivity. 


SIDS AND ALTE 

Sudden infant death syndrome (SIDS) is a devastating 
event that accounted for 2226 infant deaths in 2009. 7 It is 
the leading cause of death in infants in the first 12 months 
of life and is the third leading cause of death in infants 
overall in the United States. It is defined as “the sudden 
death of an infant less than one year of age, which remains 
unexplained after a thorough case investigation, including 
performance of a complete autopsy, examination of the death 
scene, and review of the clinical history.” 

SIDS almost always takes place when the infant is pre- 
sumed to have been asleep, either during the day or at 
night. However, more than 70% of its victims are found 


Box 25-2 


Conditions Associated with CSA 


• Arnold-Chiari type II malformation 

• Prader-Willi syndrome 

• Ondine’s curse (congenital central hypoventilation 
syndrome) 

• Central nervous system pathology (intraventricular hemor- 
rhage, brain anomaly, CNS infection, ischemic infarction) 

• Drugs 

• Sepsis 

• Respiratory infections (RSV, pertussis) 

• Gastroesophageal reflux 

• Metabolic disorder 

• Neoplasm 

• Hypothermia 

• Idiopathic 

CNS, Central nervous system; RSV, respiratory syncytial virus. 


in the early morning hours after the nighttime sleep. 8 
The incidence peaks in infants from 2 to 4 months of life 
(Figure 25-2). This period coincides with significant changes 
known to occur in sleep organization and in the modula¬ 
tion of brainstem centers involved in respiratory and arousal 
State control. SIDS is uncommon after 6 months of age, 
with 90% of SIDS victims affected in the first 6 months of 
life. It is rare after the first birthday. 

Many theories have been offered to explain the tragedy 
of SIDS. Because it is assumed that there must be a cessa¬ 
tion of breathing, there has long been a focus on apnea as 
a proximate event. 7 The apnea hypothesis has driven SIDS 
research for the last 40 years and led some to catastrophic 
conclusions. 1 "- Throughout the 1980s an intense search 
for a predictive model of SIDS was unsuccessful. Abnor- 
malities in cardiac rhythm, 12 control of ventilation, 18 auto- 
nomic dysfunction, 14 and faulty arousal 1 "’ have all been a 
focus of research. More recently it has been suggested that 
the occurrence of SIDS may not require the susceptible 
infant to be abnormal but rather is a consequence of 
normal neonatal development and physiology placed in 
the proper environmental context. There is now general 
agreement that the cause of SIDS is multifactorial. 

Although a mechanistic explanation of the cause of 
SIDS has been elusive, significant progress has been made 
in prevention of SIDS. Risk factors associated with SIDS 
have been known for decades 16 (Box 25-3). Since the early 
1990s numerous epidemiological studies pointed to an 
increased risk of SIDS in infants who sleep in the prone 
position. 17,18 It has been estimated that as many as 50% of 
cases of SIDS may be related to sleep position. In 1992 the 
American Academy of Pediatrics made official recommen- 
dations with respect to sleep position and in 1994 the Back 
to Sleep campaign was initiated in the United States. 19 The 
movement to aggressively encourage back sleeping has led 
to a dramatic decrease in the incidence of SIDS worldwide 
(Figure 25-3). 

There are other risk factors that may be modified to re- 
duce the incidence of SIDS. Maternal cigarette smoking 
during pregnancy has been found to be a major risk factor 
for SIDS and appears to be dose dependent. 20 Postnatal 
exposure to cigarette smoke further increases the risk. 
Some studies have found breastfeeding to be partly protec- 
tive against SIDS, but this finding has been inconsistent. 
Overheating and loose bedding have both been associated 
with SIDS. Bed sharing has been shown to be a hazardous 
practice. Overlying remains an important cause of unex¬ 
plained death in infants and should be considered along 
with other forms of inadvertent suffocation during a 
death scene investigation. The most effective means of 
providing a safe sleeping environment is through meticu- 
lous risk mitigation. 21 

An acute life-threatening event (ALTE) is defined as 
“an episode that is frightening to the observer and is char- 
acterized by some combination of apnea (central and oc- 
casionally obstructive), color change (usually cyanotic or 
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FIGURE 25-1 A 1 -minute record from a PSG showing a 37-second mixed apnea. Channel 1 shows a 
drop in transcutaneous oxygen tension from 65 to 37 mm. Channel 4 shows breathing movements and 
channels 5 and 6 show airflow. There is an initial cessation of respiratory effort and airflow (central 
apnea). As effort increases there continues to be no airflow u nti I there is a gasp. Both heart rate and 
oxygenation fell during this mixed central and obstructive apnea. 


37 mm Hg 
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FIGURE 25-2 Sudden infant death syndrome (SIDS) deaths 
in Maryland in 1985. Note the peak at 2 months of age and a 
decrease after 6 months of age. 


Box 25-3 


Risk Factors for Sudden Infant 
Death Syndrome 


EPIDEMIOLOGICAL RISK FACTORS 

Male sex 

African-American race 
Teenage maternal age 
Prematurity 
Winter season 
Low birth weight 
MODIFIABLE RISK FACTORS 

Exposure to opioids or cocaine in utero 
Anemia during pregnancy 
Inadequate prenatal care 
Bottle feeding 
Maternal smoking 
Soft bed covers or loose bedding 
Overheating 
Bed sharing 
Prone sleeping position 
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SIDS rate and back sleeping (1988-2006) 

SIDS rate (deaths per 1000 live births) 

0.0 0.5 1.0 1.5 



FIGURE 25-3 The SIDS rate (deaths per 1000 live births) in the United States from the beginning of 
the recognition of the importance of sleep position (data from 1 988 to 2006). The Back to Sleep cam- 
paign began in 1994. The percent back sleeping is also shown. The SIDS death rate feil 60% as back 
sleeping was rising. 


pallid but occasionally erythematous or plethoric), marked 
change in muscle tone (usually marked limpness), chok- 
ing, or gagging.” 22 The ALTE may be idiopathic or have an 
underlying cause. The phenomenon of an ALTE is often 
discussed in relation to SIDS. Elowever, the relationship 
between ALTE and SIDS is poorly understood and is 
increasingly controversial. Indeed, the vast majority of in¬ 
fants who die with SIDS have not had an episode of apnea 
until their terminal event. Parental concern may make get- 
ting an accurate account of the event difficult at presenta- 
tion. With a credible story, especially in the presence of 
cyanosis or change in heart rate or with a resuscitation 
effort, an admission to the hospital is warranted. Evalua- 
tion must include a thorough history, including a family 
and social history. An accurate description of the event is 
crucial. A full review of systems and thorough physical 
examination should help to narrow the very extensive 
differential diagnosis. 23 The physical examination should 
examine carefully for bruising and should include a full 


neurological examination including muscle tone and fun- 
duscopic examination. The physical examination should 
include a search for dysmorphic features, and abnormali- 
ties of the upper airway, chest, and cardiovascular system 
should be sought. Basic measurements of head circumfer- 
ence, body weight, length, and biood pressure should be 
made and compared with norms. The parental concern 
should be assessed and sensitively addressed. The extent of 
the workup will be determined by this admission data. A 
heightened index of suspicion must be maintained through- 
out because an identifiable cause is found in nearly 50% of 
cases. Box 25-4 reviews the differential diagnosis of ALTE. 

Elome monitoring for apnea in infants at risk remains 
a controversial subject. In the 1980s and 1990s the prevail- 
ing sentiment was that home monitoring made sense 
because some patients who had apnea requiring resuscita¬ 
tion subsequently had a recurrence of this life-threatening 
event. Furthermore, a small number of patients subse¬ 
quently died of SIDS. Some centers have had a home 
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Box 25-4 


Differential Diagnosis of ALTE 


GASTROINTESTINAL (50%) 

Gastroesophageal reflux 

Intussusceptions 

Volvulus 

NEUROLOGICAL (30%) 

Seizures 

Intracranial hemorrhage 
CNS anomaly 

Arnold-Chiari malformation 
Hyd rocephalus 
CNS infection 
Malignancy 
RESPIRATORY (20%) 

Viral infection (e.g., pertussis) 

Mycoplasma spp. infection 
Obstructive sleep apnea 
Abnormal respiratory Control 

• Breath-holding spells 

• Congenital central hypoventilation 

• Apnea of prematurity 
CARDIAC (5%) 

Arrhythmia 

Long QT syndrome 
Wolf-Parkinson-White syndrome 
Cardiomyopathy 
Myocarditis 

Aberrant left coronary artery 
METABOLIC (LESS THAN 5%) 

Inborn errors of metabolism (fatty acid defects) 
Sepsis, all causes 

Medication (prescription and nonprescription) 
Nonaccidental trauma 
Accidental suffocation 
CNS } Central nervous system. 


monitoring program in place for many years and remain 
committed to monitoring high-risk infants. These include 
(1) babies who have had a sibling die of SIDS, (2) prema- 
ture babies who are known to have had significant apnea, 
and (3) infants who have had an ALTE. Recently the effi- 
cacy of this practice has been called into question. In an 
editorial accompanying the CHIME study, 24 it was stated 
that “the physiologic basis for such a practice are more in 
doubt than ever.” 2i 

The CEIIME study ran from 1994 to 1998 and was 
published in 2001. It was the first longitudinal study of 
a large number of infants recording the incidence of car- 
diorespiratory events before and after “conventional” or 
“extreme” apnea/bradycardia that were clinically relevant. 
These investigators enrolled 1079 infants who were either 
healthy term infants or babies considered to be at risk. The 
at-risk groups were a SIDS-sibling group, an idiopathic 
ALTE group, and a preterm group. Using sophisticated 
monitoring equipment to record events in these babies, 
more than 29,000 days of monitoring data were obtained 


for 306 normal term babies, 443 preterm infants, 178 SIDS- 
sibs, and 152 infants who had an ALTE. No increased risk 
was found in term infants in the SIDS-sibling or the ALTE 
groups. Premature infants seemed to be at increased risk 
of an “extreme” event until 43 weeks postconceptual age 
but not after. This peak does not coincide with the peak 
incidence of SIDS. Six babies died but were not being 
monitored at the time. A high number of obstructed events 
were recorded, events that would be missed with conven- 
tional home monitoring. This study did not support the 
idea that babies who are thought to be at increased risk of 
SIDS have more cardiorespiratory events. The AAP has rec- 
ommended that home monitors not be used as a strategy 
to prevent SIDS 26 It is likely that monitoring will continue 
in select babies. Individual patients thought to be at high 
risk may benefit when the caretakers are appropriately 
trained and compliant in its use. Caretakers in this situa¬ 
tion should be trained in CPR as well. 


OBSTRUCTIVE SLEEP 
APNEA (OSA) 

OSA is a breathing disorder that occurs in sleep and is char- 
acterized by repeated complete or partial obstruction of the 
upper airway such that gas exchange and/or sleep integrity 
are compromised. 2 Multiple factors influence airway 
patency including airway geometry, anatomical structures 
of the upper airway, control of laryngeal muscles, cardiore¬ 
spiratory control, and neuromuscular factors. 28 Because 
obstruction does not occur during wakefulness, it is appar- 
ent that anatomical features alone do not suffice. The ma¬ 
jor cause of OSA in children without another predisposing 
condition (Box 25-5) is adenotonsillar hypertrophy. Ana¬ 
tomical restriction in the airway by the tonsils in combina- 
tion with altered laryngeal muscle control results in 
obstruction of the airway. OSA is common and occurs in 


Box 25-5 


Conditions with Predisposition for 
Obstructive Sleep Apnea 


Arnold-Chiari malformation 
Obesity 

Down syndrome 

Nasal obstruction caused by septal deviation, polyps, or 
masses 

Achondroplasia 
Apert syndrome 

Craniofacial syndromes (Pierre Robin syndrome, Treacher 
Collins syndrome, Crouzon syndrome) 

Prader-Willi syndrome 

Neuromuscular disease (Duchenne’s muscular dystrophy, 
spinal muscular atrophy) 

Adenotonsillar hypertrophy 
Sickle cell disease 
Macrognathia 

Mucopolysaccharide storage disease 
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approximately 2% of children. In children with a predispos- 
ing condition the prevalence is considerably greater than 
this. It may occur in children of all ages, but the prevalence 
peaks between 2 and 8 years of age, which coincides with 
the time at which the size of the tonsils is at their peak rela¬ 
tive to the upper airway size. 

Narrowing of the airway during respiration is a normal 
phenomenon. The caliber of the airway oscillates normally 
with afferent neural activity from the respiratory centers. 
During sleep, ventilatory drive is decreased. Upper airway 
muscle tone decreases, especially during REM. Therefore 
upper airway resistance increases during sleep. The upper 
airway may be modeled as a Starling resistor. Upstream 
(nasal) and downstream (tracheal) pressures determine 
flow only if the upper airway is patent. The collapsible up¬ 
per airway will remain patent only if the pressure inside is 
greater than the pressure outside the airway, known as 
Pcrit. 29 Multiple factors may lead to upper airway pressure 
approaching Pcrit during respiration and collapse of the 
airway. These include structural narrowing of the airway, 
abnormal neuromuscular tone, and possibly genetic and 
hormonal factors. It is likely that multiple factors work in 
concert. For example, even though adenotonsillar hyper- 
trophy is a common “cause” of OSA in children, it alone is 
not a sufficient cause. 30 

The variable changes in upper airway resistance and 
caliber lead to a continuum of clinical syndromes, which 
range from primary snoring to frank intermittent occlu- 
sion of the upper airway. 31 Primary snoring may affect as 
many as 10% of children but is not typically associated 
with disturbance of sleep architecture or gas exchange 
abnormality. Upper airway resistance syndrome (UARS) 
is characterized by recurrent respiratory effort—related 
arousals during sleep. These episodes are not typically 
associated with gas exchange abnormalities but may be as¬ 
sociated with significant daytime symptoms. Obsrructive 
hypoventilation (obstructive hypopnea) may occur in the 
absence of complete obstruction of the airway and cessa- 
tion of airflow. These sleep-related events lead to disrup- 
tion of sleep architecture, degradation of sleep quality, and 
gas exchange abnormalities that may cause significant 
daytime symptoms. 

Unrecognized and untreated upper airway obstruction 
is a considerable threat to the child’s health. It has long 
been known that chronic obstruction is associated with 
substantial morbidiry. Osler observed over a century ago 
that in such children during the day, “The expression is duil, 
heavy, and apathetic... the child responds slowly to questions, and 
may be sullen and cross. Among other symptoms may be men- 
tioned headache, which is by no means uncommon, general listless- 
ness, and an indisposition for physical or inental exertion.’’ 1 In 
1965 Noonan described two cases of reversible cor pulmo- 
nale secondary to tonsillar hypertrophy. 32 Jaffe noted in 
1974 that “following adenotonsillectomy in select cases 
there occurs a period of rapid growth and development.” 33 
Guilleminault reported sleep apnea in eight children in 


TABLE 25-1 


Features of Childhood and Adult OSA 


Childhood Adult 


Obesity 

May be normal 
or underweight 

Common 

Snoring 

Often 

continuous 

Usually intermittent 
with respiratory 
pauses 

Excessive daytime 

Infrequent 

Common 

sleepiness (EDS) 

EEG pattern 

UARS or 
hypopneas 
common; 
may not have 
cortical arousal 

Obstructed pattern 
with EEG arousals 

Sleep architecture 

Often 

preserved 

Disrupted 

Tonsils and ade- 

Very common 

Uncommon 

noids enlarged 

Sleep State abnor¬ 
mality 

REM is most 

common 

REM and NREM 

Insulin resistance 

Absent 

Frequent 

Cardiovascular 

Infrequent 

Frequent 

effeets 

Prominent 

Behavioral or 

EDS, work 

symptoms 

neurocognitive; 

enuresis 

performance, 
fatigue, morning 
headache 


EEG, Electroencephalogram; NREM, non-rapid eye movement; REM, 
rapid eye movement; UARS, upper airway resistance syndrome. 


1976 and the first large series of children with OSA in 
1981. 34,35 

It became clear in the 1980s and 1990s rhat the child¬ 
hood syndrome of OSA was distinet from adult OSA. Fea¬ 
tures that distinguish childhood from adult OSA are shown 
in Table 25-1. In otherwise normal children, sleep architec¬ 
ture may be relatively preserved in OSA compared with 
adults and excessive daytime sleepiness is less commonly 
observed. Children with OSA are not typically obese, though 
they may be. They may have many fewer true obstructions 
during the night if any at all. They more typically have inter¬ 
mittent or continuous partial obstruction or UARS. On the 
other hånd, obese children may have a clinical syndrome 
that is more similar to adult OSA. 36 They may have more 
excessive daytime sleepiness (EDS), systemic hypertension, 
left ventricular hypertrophy, insulin resistance, or elevated 
C-reactive protein (CRP) levels. This form of OSA in chil¬ 
dren has inereased as the incidence of obesity has inereased 
in childhood. 

Evaluation of the child for SDB begins with a compre- 
hensive history. Symptoms may be volunteered by an 
observant parent but must also be actively sought by the 
clinician. A clear description of sleep habits should be 
obtained. Both nighttime and daytime symptoms should 
be recorded. Nighttime symptoms may include snoring, 
respiratory pauses, snorts, mouth breathing, or abrupt 
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awakening. There may also be sweating, restlessness, in- 
creased respiratory effort, or extension of the neck. Com- 
mon medical conditions such as gastrointestinal reflux 
or asthma may be associated with nighttime symptoms. 
Upon awakening the patient may describe dry mouth or 
headache. Enuresis is relatively common in patients with 
OSA. Parents and children are often reluctant to volun- 
teer the symptom of enuresis because the association 
with SDB may not be known. Snoring is a very common 
symptom in children and may not be seen as a symptom. 
As many as 25% of children may snore occasionally and 
10% snore habituallyd Snoring does not predict the pres- 
ence of SDB but itself may be associated with deleterious 
effects including poor school performance or hyperten¬ 
sion. 3 Daytime symptoms include poor school performance, 
hyperactivity, and inattention or aggressive behavior. Chil¬ 
dren with the diagnosis of attention deficit/hyperactivity 
disorder (ADHD) who also snore should have a comprehen- 
sive sleep evaluation. 

The most common physical findings are limited to upper 
airway. The most common finding in the child with OSA is 
tonsillar hypertrophy. Other findings that may be important 
are mouth breathing, mircrognathia/retrognathia, crowded 
orophaynx, nasal mucosal edema, nasal septal deviation, and 
malocclusion. Body weight is important. Obesity is a known 
risk factor for SDB. However, some children may present 
with low body weight or even failure to thrive. Other physical 
findings may be those seen in conditions associated with 
increased risk for SDB (Box 25-6). 

The first line of treatment is adenotonsillectomy. 38 This 
surgery may be curative in a majority of cases. Patients who 
are obese or have upper airway abnormalities in addition 
to tonsillar hypertrophy may have persistent SDB after 
adenotonsillectomy. In a recent study Guilleminault de- 
scribed a cohort of patients treated surgically in childhood 
in whom OSA had recurred in adolescence. 29 For these 
reasons, careful postoperative follow-up is advisable, espe- 
cially in children with obesity. Continuous positive air¬ 
way pressure (CPAP) is the treatment of choice in patients 
who either are not suitable candidates for surgery or have 
persistent SDB. 39 The effective pressure level is usually 


determined in a titration sleep study. In recent years the 
selection of interface options for children has dramatically 
improved. These include nasal masks or pillows and full 
face masks. Most children will adapt to the use of the de¬ 
vice with repetition and the help of a well-trained parent. 
In some cases bilevel PAP (BPAP) may be better tolerated. 
Patients who hypoventilate, such as those with neuro- 
muscular disease, should be treated with bilevel PAP. The 
effectiveness of CPAP is dependent on compliance with 
its use. The introduction of “smart” CPAP devices has 
improved the ability to ensure compliance. Indeed, some 
insurance companies now require a threshold level of 
documented compliance. Compliance with CPAP use in 
patients with developmental disability is particularly 
challenging. 

Many medical conditions are associated with in¬ 
creased risk for SDB. Conditions that have decreased 
oropharyngeal space as a feature include craniopharyn- 
geal syndromes, Down syndrome, mucopolysaccharide 
storage disease, and Prader-Willi syndrome. Patients with 
neurological disease, most notably Chiari malformation, 
may be at increased risk for SDB, and patients with neu- 
romuscular disease have an increased incidence of SDB. 
These patients are less likely to be “cured” with adeno¬ 
tonsillectomy alone. They may require other surgical 
procedures (e.g., Chiari malformation decompression, 
mandibular distraction) or treatment with CPAP, BPAP, 
or even tracheostomy, depending on the severity of the 
sleep-related gas exchange abnormalities. 40 

LABORATORY ASSESSMENT 
OF BREATHING IN SLEEP 

Definitive evaluation must include an overnight polysomno- 
gram (PSG). 41,42 Pediatric PSG parameters differ in many 
respects from the adult PSG (Figure 25-4). Box 25-7 lists 
the channel recordings that are recommended for a diag- 
nostic PSG. Staging of sleep includes the combined 
measurement of the EEG to record brain activity, the elec- 
trooculogram (EOG) to record bilateral eye movements, 
and the electromyogram (EMG) to record facial and tibial 
muscle tone. EEG electrode placement for scoring sleep in 
children is standardized similarly to that used in adults. 
Electrodes are placed at EEG positions Al, A2, Ol, 02, C3, 
and C4, and sleep stage is determined by the monopolar 
derivation C3/A2 or C4/A1. In infants less than 6 months 
old, an extended EEG montage is preferred. This extended 
montage should include bilateral EEG electrodes using 
bipolar channels to more accurately evaluate the EEG 
of the two hemispheres of the brain. In this way, EEG fea¬ 
tures specific to infants, such as tracé alternant and delta 
“brushes,” as well as certain epileptiform activity, are better 
seen. This montage may also provide useful information 
regarding the maturity of the brain or may alert clinicians 
to potential problems in brain activity. In addition, certain 
normal features of the infant EEG, such as rudimentary 


Box 25-6 


Clinical Symptoms of Obstructive 
Sleep Apnea 


NIGHTTIME SYMPTOMS 

• Snoring 

• Paradoxical breathing 

• Enuresis 

• Sweating 

• Dry mouth 

DAYTIME SYMPTOMS 

• Hyperactivity 

• School performance problems 

• Daytime sleepiness 
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FIGURE 25-4 A baby ready for PSG. The head is wrapped with 
gauze to protect the scalp EEG electrodes. An electrode to detect 
eye movement is also covered with gauze. Two eye electrodes are 
standard. There is a nasal thermistor and CO 2 cannula in place. 
A strain gauge is attached to the chest to detect breathing move- 
ments. A transcutaneous oxygen electrode, ECG electrodes, and 
oxygen saturation sensor are also attached. 


sleep spindles, are better seen using an extended EEG 
montage that includes frontal leads. 

The accurate scoring of sleep stages also requires bilat¬ 
eral EOG sensors to monitor the rapid eye movements that 
normally occur in REM sleep and the slow eye movements 
that occur with the onset of sleep. An EMG recording of 
facial muscle tone assists the clinician in more accurately 
determining the presence of REM sleep when skeletal 


muscle tone, particularly the muscles of the face, is nor¬ 
mally inhibited. 

To comprehensively assess the adequacy of ventilation 
and differentiate between central and obstructive apnea and 
its severity, PSGs should also include movements of the chest 
wall and abdomen, air flow at the nose and mouth, transcu¬ 
taneous oxygen saturation data (with validating pulse wave 
from the monitor), and end-tidal carbon dioxide (etco 2 ) 
measures. A pulse waveform is necessary to assess the reli- 
ability of oxygenation data because oxygen saturation moni¬ 
tors can yield artifactual data when the infant is feeding or 
moving. Capnography, a graphic representation of etco 2 , is 
recommended because it can assess both airflow and ventila¬ 
tion simultaneously. Calibrated etco 2 measurements can 
effectively detect possible C0 2 retention associated with ap¬ 
nea or prolonged hypoventilation. 

A standard PSG also includes additional parameters 
that can provide important information relevant to the 
patient’s electrophysiological status. An electrocardiogram 
(ECG) monitors cardiac rate and rhythm and is useful in 
evaluating the consequences of breathing disorders on 
heart rhythm. Inductive plethysmography involving the 
placement of bands around the rib cage and abdomen de- 
tects respiratory effort as well as phase relationship, allow- 
ing for differentiation between central versus obstructive 
apnea. A PSG may include EMG of the anterior tibialis 
muscles to identify periodic limb leg movement disorders, 
although these disorders are rare in infants and children. 
As such, leg EMGs are not routinely monitored in children 
unless clinically indicated. 

To assess for the presence of gastroesophageal reflux and 
its potential cardiorespiratory consequences, continuous 
esophageal pH measurement can be done in conjunction 
with PSG. Video recording with sound is recommended be¬ 
cause it provides invaluable information on sleep behavior, 
snoring, respiratory effort, and sleep positions associated 
with a particular respiratory pattern. Finally, the PSG must 
be performed by a trained technologist who ensures the in- 
tegrity of the recording, provides descriptions regarding 
unusual events or behaviors, and makes notations on the 
recording regarding physiological changes such as snoring 
or color changes such as cyanosis. Polysomnographic tech- 
nologists working with this age group must be certified in 
pediatric cardiopulmonary resuscitation (CPR). 


CASE STUDY 


A 3-month-old female infant is brought to the emergency 
department by paramedics. They State that they responded 
to an emergency call and upon arrival found that the mother 
was distraught and holding the baby. They reported that she 
had found the baby “not breathing and blue.” She had put 
the baby to bed after a feeding about 1 hour before the 
event. She could not say how long the episode lasted but she 


Recommended Polysomnogram 
Channels for a Pediatric Sleep Study 

• EEG montage to include four to eight channels 

• Electrooculogram 

• Electrocardiogram 

• Oxygen saturation and waveform 

• Redundant measure of airflow (nasal pressure and oronasal 
thermistor) 

• End-tidal Pco 2 (peakvalue and waveform) 

• Snore volume 

• Measure of respiratory effort (chest and abdominal 
inductance plethysmography) 

• Measure of muscle activity (chin and tibial EMG) 

• Video and audio recording 

• Time-stamped video 

• Body position sensor 

EEG, Electroencephalogram; EMG, electromyography. 


Box 25-7 
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said she blew in the babies’ mouth and the baby started 
to cry. The baby was fu 11 term. The baby’s examination is 
now normal. There is no evidence of foul play. What is the 
differential diagnosis? 

A. Apnea of prematurity 

B. Obstructive sleep apnea 

C. Congenital central hypoventilation syndrome 

D. N ear-miss SIDS 

E. Acute life-threatening event (ALTE) 

This child was admitted to the hospital and underwent a 
thorough evaluation. Mother stated that she was afraid of 
SIDS. There is no family history of SIDS. Further history re- 
vealed that the baby often slept with mother in her bed. She 
stated that the baby was most comfortable “on hertummy.” 
She admitted that she smoked but “only outside.” What risk 
factors must be discussed with this mother? 

A. Co-sleeping 

B. Smoking 

C. Prone position sleeping 

E. All of the above 


See Evolve Resources for answers. 


| KEY POINTS 

• Sleep development: Infants spend the bulk of their day in 
sleep. Sleep stages are defrned by the EEG. The infant 
has three stages, referred to as active sleep (REM), quiet 
sleep (NREM), and indeterminate sleep. REM sleep pre- 
dominates sleep time in the infant and decreases until 
about the age of 2. NREM sleep time increases in the 
child and peaks between 5 and 9 years. NREM sleep has 
four distinet EEG stages (3 and 4 are now combined). 
NREM sleep is known as slow wave sleep and has been 
called restorative sleep. Total sleep time progressively 
decreases throughout childhood to adult levels in ado- 
lescence. The distribution of time spent in each stage is 
quantified during a sleep study and is referred to as 
sleep architecture. Disruption of the sleep architecture 
leads to daytime symptoms. 

• Central sleep apnea: Central sleep apnea occurs when 
there is a cessation of airflow and no discernible 
respiratory effort. In infants this may be due to 
immaturity of respiratory centers. Later in life it may 
be due to insensitivity of the chemoreceptors responsi- 
ble for respiratory drive. 

• Obstructive sleep apnea: Obstructive sleep apnea occurs 
when there is cessation or limitation of airflow and 
continued respiratory effort for more than two res¬ 
piratory cycles. OSA is due to the collapse of the 
airway. Multiple factors contribute to this collapse, 
including anatomical structures limiting airflow, 
laryngeal muscle control, neuromuscular factors, 
and cardiorespiratory control. Upper airway obstruc¬ 
tion occurs in a continuum from snoring to complete 
apnea. Partial obstruction leads to limitation of airflow 
termed hypopnea. The most common cause of OSA 

in children is adenotonsillar hypertrophy. OSA is most 


often treated with adenotosillectomy. When this treat¬ 
ment is unsuccessful, CPAP is an effeetive treatment 
that maintains airway patency. 

• SIDS and ALTE: SIDS is defined as “the sudden death 
ofan infant under one year of age which remains unex- 
plained after a thorough case investigation, including 
performance ofa complete autopsy, examination of the 
death scene, and review of the clinical history.” It 
remains the most common cause of death between the 
ages of 1 month and 1 year. The cause of SIDS remains 
unknown. Many theories have been advanced. The 
most important advance arose from epidemiological 
data demonstrating that back sleeping dramatically 
decreases the risk of SIDS. The emphasis on back 
sleeping has decreased the incidence of SIDS world- 
wide. There is no test that will predict the occurrence 
of SIDS. The AAP has recommended that home moni¬ 
tors not be used as a strategy to prevent SIDS. 

An ALTE is defined as “an episode that is frightening 
to the observer and is characterized by some combina- 
tion of apnea (central and occasionally obstructive), 
color change (usually cyanotic or pallid but occasion¬ 
ally erythematous or plethoric), marked change in 
muscle tone (usually marked limpness), choking, or 
gagging.” The relationship of ALTE and SIDS is poorly 
understood. An identifiable cause may be found in 
about half of the cases. 

• Laboratory assessment: The definitive study to assess sleep 
is the PSG. The diagnostic PSG is performed in an ac- 
credited sleep laboratory by trained personnel. Sleep 
stage is determined using a standard EEG montage 
that includes bilateral EOG and four EEG leads. Tibial 
and facial muscle activity is recorded by EMG. In addi¬ 
tion, the complete PSG includes the following: nasal 
airflow, chest and abdominal wall plethysmography, 
end-tidal CO 2 , video and audio recording, snore vol- 
ume, body position sensor, ECG, and oxygen satura- 
tion. Sleep stage scoring allows for quantification of 
sleep architecture. EEG arousal may not be perceived 
by the patient as an awakening but may still result 

in disruption of the sleep architecture and daytime 
symptoms. 


| ASSESSMENT QUESTIONS 

See Evolve Resources for answers 

1. Which of the following statement is true regarding 
sleep in infants? 

A. Infant neural development is not yet complete and 
they have not yet developed rapid eye movement 
sleep. 

B. Infant sleep is dominated by non-rapid eye move¬ 
ment sleep. 

C. Seventy percent of infants sleep through the night 
by 3 months of age. 

D. The normal newborn spends 70% ofa 24-hour day 
asleep. 
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8. Which of the following statements regarding OSA is/ 
are false? 

A. Tonsillar hypertrophy is the most common cause 
of OSA. 

B. Upper airway obstruction occurs along a contin- 
uum from snoring through UARS to apnea. 

C. Enuresis may be a presenting symptom of OSA. 

D. A child with ADHD who also snores should be 
referred to a psychologist. 

9. OSA in childhood and adulthood differs in several 
important ways. Which of the following statements 
is/are false? 

A. Excessive daytime sleepiness is less common in 
children than adults. 

B. Adenotonsillectomy is more effective in children 
than adults. 

C. Sleep architecture is more commonly disrupted in 
children than in adults. 

D. Obese children with OSA have a phenotype that 
is similar to adult OSA. 

E. Children tend to have better preservation of REM 
sleep. 

10. The treatment of OSA might include which of the 
following? 

A. Chiari malformation repair 

B. Tracheostomy 

C. Mandibular distraction 

D. CPAP 

E. All of the above 


2. Which of the following statement is true regarding 
sleep stages? 

A. During REM sleep in infants, muscle activity is the 
lowest and therefore metabolic rate is at its lowest. 

B. Newborn infants have immature sleep spindles. 

C. NREM sleep duration peaks between 5 and 9 years 
of age. 

D. The appearance of REM sleep at sleep onset in the 
newborn is an abnormal pattern. 

3. The mother ofa 3-month-old infant arrives at the emer- 
gency department with her infant and States that she 
observed her infant’s breathing stop for 8 seconds and 
then restart. She stated that baby was also breathing fast 
right before she stopped breathing. The baby has been 
eating normally, has no other symptoms, and has a 
normal physical examination. What is your next action? 

A. Order a complete biood cell count (CBC) and a 
chest radiograph. 

B. Admit the baby for overnight observation. 

C. Reassure the mother that this is a normal infant 
breathing pattern. 

D. Arrange for the baby to go home with a home 
monitor. 

4. Infants are particularly susceptible to the development 
of SDB or respiratory failure. What feature of anatomy 
or physiology places the baby at increased risk? 

A. Nasal breathing 

B. Chest wall compliance 

C. The angle of rib articulation 

D. The shape of the chest 

E. All of the above 

5. Which of the following statements is true? 

A. The peak incidence ofSIDS occurs at 6 months 
of age. 

B. H orne monitoring should always be prescribed upon 
discharge for infants who have experienced an ALTE. 

C. SIDS has been called a diagnosis of exclusion. A 
full investigation should be undertaken including a 
full autopsy. An examination of the death scene is 
optional. 

D. The CHIME study demonstrated conclusively that 
home monitoring prevents SIDS. 

E. The infant who sleeps in the supine position is at 
decreased risk ofSIDS. 

6. What percentage of otherwise normal children who have 
OSA will present with excessive daytime sleepiness? 

A. More than 75% 

B. 50% to 75% 

C. 25% to 50% 

D. Less than 25% 

7. Which of the following statements regarding OSA is/ 
are true? 

A. A complete history is a sensitive indicator of the 
presence of OSA. 

B. School performance is affected when OSA becomes 
severe. 

C. The prevalence of OSA is approximately 15%, and 
the peak incidence is between 2 and 8 years. 

D. OSA may be diagnosed without biood gas abnor- 
malities during the sleep study. 
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THE PEDIATRIC AIRWAY 

Airway disorders may cause severe and at times sudden 
threats to a child’s life. The special susceptibility of chil- 
dren to disorders of the airways stems from several factors. 
Congenital abnormalities of airway structures tend to 
cause difficulties early in life. Even when normal anatomy 
is present, the relatively small size of the pediatric airway 
puts children at a distinet disadvantage. The inherently 
narrow trachea, bronchi, and bronchioles can become 
critically compromised by minimal swelling of the respira- 
tory mucosal lining or by the presence of foreign objects. 
Children are at inereased risk for such narrowing or ob¬ 
struction because of their susceptibility to respiratory 
infeetions and their tendency to engage in risky behaviors, 
such as placing small objects in their mouths. 

In comparison to the adult, once a child’s airway be- 
comes narrowed or obstructed, the pediatric respiratory 
system is less able to cope with the resulting ventilation 
abnormality. In the event of complete airway obstruction, 
children undergo rapid onset of hypoxia, with its resul¬ 
tant neurological damage or death. Respiratory events 
are the major reason for cardiac arrest in children. The 
rapidity of this oxygen desaturation is in part caused by 
the child’s small functional residual capacity and depen- 
dency on dynamic compliance combined with an overall 
inereased metabolic rate. Essentially there is minimal 
oxygen reserve available to supply the child’s oxygen re- 
quirement. This combination of inereased susceptibility 
to and decreased ability to cope with airway compromise 
helps explain why children suffer so frequently from 
airway disorders. 

Upper Airway 

Many unique aspects of anatomy must be understood to 
appropriately support and intervene on behalf of a child 
during respiratory illness. The upper airway consists of all 
structures connecting the mouth and nose with the glottis. 
This includes the nose, nasal choanae, nasopharynx, mouth, 
oropharynx, and structures of the larynx (Figure 26-1). 
When compared with that of the adult, the anatomy of the 
infant’s airway contains several differences and functional 
limitations. 

The epiglottis is long, floppy, and angled away from the 
tracheal axis. It shrouds the laryngeal opening because of 
poor support by the surrounding tissues. Structurally, the 
infant’s larynx is positioned higher in the neck (near C3-4) 
than is an adult’s larynx (at C4-5). Because of this superior 
location, the tongue base tends to “hide” the larynx from 
view during direct laryngoscopy. The cricoid cartilage is a 
nonexpandable cartilaginous ring that is normally the 
only complete ring of cartilage in the airway. In the pedi¬ 
atric airway, it is the larynx’s narrowest portion. With 
this reduced and fixed dimension, an endotracheal tube 
may pass through the vocal cords and yet not proceed 
to the subglottic trachea. This already narrowed portion 



Glottis, viewed from above 
FIGURE 26-1 Normal upper airway structures. 


of the airway becomes severely narrowed by even small 
amounts of edema that develop with diseases such as 
laryngotracheobronchitis (LTB) or trauma (e.g., endotra¬ 
cheal intubation). 

Infants are considered obligate nose breathers until 3 to 
6 months of age. Immaturity of coordination between res¬ 
piration and oropharyngeal motor activity accounts partly 
for obligate nasal breathing. Also, the infant’s tongue is 
doser to the roof of the mouth and makes mouth breath¬ 
ing difficult. Because the large tongue and small mouth 
make air passage through the mouth impossible, except 
when crying, patency of the nasopharynx is critical in an 
infant. 

The upper airway and lung do not complete develop- 
ment until approximately 8 years of age. The immature 
cartilage found in the infant’s trachea and bronchi is soft 
and highly compressible. When the supporting cartilage 
is excessively flexible, the diagnosis of laryngomalacia or 
tracheomalacia is applied. 

Lower Airway 

The trachea divides into the mainstem bronchi, which in 
turn divide into smaller divisions called subsegmental 
bronchi. This repeated division continues in the adult to 
23 generations (divisions) of smaller and smaller air pas¬ 
sages, creating a huge surface area for gas exchange. At 
birth, however, the infant has only 16 to 17 generations 
of airways. The terminal generation of airways, the respi¬ 
ratory bronchioles, is present in relatively small numbers, 
resulting in a small transectional area for gas exchange 
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in the infant. This is in part compensated for by fetal 
hemoglobin, which has an oxygen affmity superior to 
adult hemoglobin. Because of the developmentally small 
airway cross-sectional area, small amounts of inflamma¬ 
tion at the level of the respiratory bronchioles can result 
in severe respiratory embarrassment. In young children 
the respiratory bronchioles are commonly attacked by 
viruses, such as respiratory syncytial virus (RSV), result¬ 
ing in respiratory failure. The same infection will have 
little or no respiratory effect on an adult or older child 
with a larger number of terminal airways. 

AIRWAY OBSTRUCTION 

Obstruction of the upper or lower airway of a child may 
lead to life-threatening hypoxia or hypercarbia. With the 
high risk of morbidity comes the need to identify the etiol- 
ogy, recognize the clinical signs and symptoms, and choose 
the diagnostic methods for and treatment of the many 
causes of airway obstruction. 

Radiographic evaluation of the upper airways includes 
both frontal anteroposterior and lateral views of the head 
and neck. When performed at the proper angle and expo- 
sure, these films are helpful in evaluating the site of upper 
airway obstruction (Figure 26-2). 

Fearing the unfamiliar surroundings of a hospital or 
clinic, a child may wiggle and scream, further increasing 
respiratory effort. To be successful in what could be a very 
difficult examination, the practitioner must proceed with 
slow and deliberate movement in a kind and gentie man¬ 
ner. Flowever, this does not guarantee cooperation from a 
frightened and ill child. 


The narrow airway of the child makes even a small 
obstruction significant, leading to a marked increase in 
respiratory effort. Obvious clinical signs of impaired respi¬ 
ratory function are tachypnea, nasal flaring, retractions, 
cyanosis, and a change in mental State, including a re- 
duced level of consciousness or increased agitation. As a 
rule, tachypnea and nasal flaring alone suggest a less severe 
but earlier sign of obstruction than the presence of deep 
retractions. However, if obstruction is severe, with pro- 
longed respiratory distress, the child may be exhausted 
and only able to exhibit nasal flaring. In infants the ex- 
haustion of respiratory muscle leads to decreased dynamic 
compliance and ineffective respiration because they have a 
relatively soft rib cage leading to increased chest wall com¬ 
pliance. The child's mental State may range from fearful 
and agitated to lethargic or even unconscious. A child with 
mild hypoxia tends to have increased levels of agitation, 
whereas the child with increasing hypoxemia and hyper¬ 
carbia becomes more lethargic. 

Auscultation of the child’s upper airway (over the tra- 
chea) and the lower airway (over the thorax) is vital to de- 
termine the extent of air movement and obstruction. Some 
sounds, such as stridor, may be so prominent that they are 
audible from outside the patient’s room. Stridor is a 
coarse, vibrating noise generated by airway soft tissue that 
typically occurs in the presence of narrowed or obstructed 
upper airway (extrathoracic). Extrathoracic obstruction of 
the trachea causes stridor during inspiration. The deeply 
negative intrathoracic pressure causes the pressure inside 
the trachea to fall and allows the higher atmospheric pres¬ 
sure (outside the trachea) to collapse the trachea or larynx. 
This results in the “crowing” sound of stridor. During 




A 


FIGURE 26-2 Normal cervical soft tissue radiographs. A, Lateral view shows a thin epiglottis. 
B, Anteroposterior view illustrates the “shoulders” appearance of the subglottic trachea. 
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Resting Inhaling Exhaling 

FIGURE 26-3 Obstruction of the upper (extrathoracic) airway. Dynamic motion during the respira- 
tory cycle causes accentuated narrowing during inspiration, resulting in stridor. 


exhalation, the positive intraairway pressure forces the 
airway open and eliminates the stridor (Figure 26-3). When 
airway narrowing is intrathoracic, stridor is present during 
a forced exhalation. The positive intrathoracic pressure 
that occurs with exhalation causes the circumferential tra- 
cheal cartilage, and hence the trachea, to collapse. During 
inspiration, stridor from an intrathoracic airway obstruc¬ 
tion is minimized by the radially outward tracheal traction 
caused by negative intrathoracic pressures. 

Auscultation of air movement during inspiration and 
expiration aids in determining the severity and location 
of the obstruction. The pitch of the stridor can be used 
to assess improvement or worsening of the obstruction. 
Low-pitched sounds signify mild obstruction, whereas a 
higher pitch indicates that the child is in more distress and 
is attempting to generate a higher air flow rate. Sounds 
heard on inspiration but not expiration may indicate 
a ball-valve obstruction and an accompanying risk for 
a pneumothorax. Absence of air movement constitutes a 
true emergency. 

UPPER AIRWAY DISORDERS 
Supralaryngeal Obstruction 

Common causes of obstruction above the larynx include 
congenital lesions, acute inflammatory disorders, and dis¬ 
orders related to abnormal supralaryngeal tissue or airway 
tone or both (e.g., obstructive apnea). 

Choanal Atresia 

Choanal atresia, the stenosis or absence of the nasal pas¬ 
sages (choanae), typically occurs in the immediate post¬ 
natal period. The infant presents with severe respiratory 
distress that appears to lessen with crying, when the infant 
manages to exchange air through the mouth, and is exac- 
erbated again once the crying stops. Occasionally the con- 
dition is discovered when, during an attempt to nasally 
suction the infant, a size S or 6 catheter cannot be passed 
through the nares into the oropharynx for a distance of at 
least 32 mm. Insertion of an oral airway provides tempo- 
rary relief of the obstruction but does not preclude early 
surgical intervention. 

Pierre Robin Syndrome 

Other congenital anomalies that can appear similar in¬ 
clude masses that obstruct the nasopharynx, such as en- 
cephaloceles (an outpouching of the brain into the airway) 


and dermoid cysts. Infants with Pierre Robin syndrome 
have extremely small mandibles and a small oropharynx 
that causes the tongue to occlude the airway. The respira¬ 
tory distress is not relieved by crying. Treatment includes 
temporary insertion of oral or nasal airways, placement of 
the infant in a prone position, and surgical repair. 


CASE STUDY 1 


You are called to the delivery room for a term infant delivery 
complicated by maternal fever. The infant is delivered via spon- 
taneous vaginal delivery with the umbilical cord around the 
neck. The obstetrician performs superficial nose and mouth 
suctioning with a bulb syringe and untangles the umbilical cord 
from the newborn’s neck. The infant is handed to you and no 
spontaneous respiration is noted under the warmer. You dry 
the infant and provide stimulation. The infant cries and turns 
pink. After a few seconds the infant calms down and exhibits 
respiratory distress relieved by crying. 

What is your differential diagnosis, and how do you assess 
the infant? 


See Evolve Resources for answers. 

Deep Neck Infections 

Deep neck infections are feared complications of upper re¬ 
spiratory and upper gastrointestinal tract infections. Aero- 
bic and anaerobic pathogens are the common cause. They 
can become rapidly severe, causing airway obstruction and 
aspiration, and quickly spread to adjoining anatomical 
structures (such as the mediastinum). Antibiotic treat¬ 
ment, airway protection, and surgical intervention are nec- 
essary. Peritonsillar and retropharyngeal abscesses are very 
common examples of these infections and must be differ- 
entiated from simple tonsillar enlargement. 

Tonsillar Enlargement 

The child with an acute illness characterized by fever and 
sore throat may develop swelling of the oropharyngeal tis- 
sues. Inflammation and swelling can progress to airway 
obstruction. Tonsillitis, or streptococcal pharyngitis, pre¬ 
sents as exudative pharyngitis and cervical adenopathy. 
However, the presence of a cough and nasal congestion 
increases the likelihood that the infection is viral. A throat 
culture or rapid streptococcal antigen test is obtained 
to identify the causative organism. Therapy is routinely 
restricted to antibiotics unless the swelling is severe. 
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Peritonsillar Abscess 

This abscess commonly forms unilaterally around the ton- 
sillar tissue. It causes unilateral swelling and protrusion 
of the affected tonsil into the oropharynx with classical 
deviation of the uvula to the unaffected side. Patients com¬ 
monly complain about trismus (difficulty opening their 
mouth), sore throat, torticollis, and muffled or hoarse 
voice. The diagnosis is made clinically and by culture; if in 
doubt, frontal anteroposterior and lateral radiographs of 
the head and neck can aid in the diagnosis. The most likely 
causative organisms are Streptococcus pyogenes (group A 
streptococcus) or Staphylococcus aureus. 

Retropharyngeal Abscess 

Retropharyngeal abscess commonly occurs in children 
younger than 3 years of age and can cause obstruction from 
forward displacement of the posterior pharyngeal wall. In- 
fectious agents involved are group A streptococcus, Staphylo¬ 
coccus aureus, and, occasionally, anaerobic bacteria. The child 
often presents with a sore throat, fever, dysphagia, and voice 
changes. The voice sounds as if the child is attempting to 
speak without moving the tongue while maximally expand- 
ing the oropharyngeal airway. This is described as “hot 
potato voice.” A lateral neck radiograph is obtained to 
determine the tissue thickness surrounding the abscess. 
Visualization of the posterior pharynx may reveal a displaced 
retropharynx. Surgical drainage is the preferred treatment, 
along with administration of appropriate antibiotics based 
on culture results of the aspirated material. 

Obstructive Apnea 

Children with a history of chronic noisy snoring and air 
flow loss, in spite of active chest wall movement, are likely 
suffering from obstructive apnea. Abnormally large ade- 
noids or tonsils with or without abnormal positioning of 
the airway tissues are likely causes of obstruction. During 
sleep, the airway muscular tone is decreased, resulting 
in more severe airway obstruction. Typically, the child with 


CASE STUDY 2 


A 14-year-old girl presents to the emergency room complaining 
of sore throat, fever, and dysphagia. She has no prior health 
issues and no known sick contact. She says she had been well 
the day before and noticed her symptoms on awakening in the 
morning. Physical findings include a mild stridor on ausculta- 
tion over both apical lung fields and over the trachea. Inspec- 
tion ofthe retropharynx is complicated by the patient not being 
able to open her mouth, but you can see that the uvula is being 
displaced to the left. She also has problems rotating her head 
to the left. 

What is the most likely diagnosis and what would be your 
next step in diagnosis? 

What is the treatment? 


See Evolve Resources for ansu'ers. 


a neuromuscular disorder, such as cerebral palsy, enlarged 
tonsils and adenoids, or morbid obesity, is at risk for devel- 
oping obstructive apnea. An electrocardiogram is obtained 
if nocturnal hypoxia with right ventricular hypertrophy is 
suspected. Sedation is usually avoided because it exacer- 
bates airway obstruction. Surgery may relieve the obstruc¬ 
tion in a child who has not “outgrown” the obstruction. 
Weight loss is often beneficial in obese children. In the 
interim, nasal continuous positive airway pressure can 
noninvasively ameliorate the disorder. 

Periglottic Obstruction 

Obstruction of the airway at or just below the level of the 
glottis typically presents as high-pitched stridor. This re¬ 
gion is relatively fixed in diameter because the noncompli- 
ant cartilage surrounding the glottis does not “balloon 
open” to allow air passage around the obstruction, as eas- 
ily occurs in the more pliable tissues of the supralaryngeal 
airway. As a result, progressive obstruction of the periglot¬ 
tic area quickly leads to significant distress with both in- 
spiratory and expiratory compromise. The most common 
causes of periglottic obstruction in the pediatric age group 
are infectious, with epiglottitis and LTB representing im- 
portant causes of respiratory morbidity for this patient 
population. 

Congenital lesions that present as periglottic obstruc¬ 
tion are rare and include laryngeal webs and cysts and 
subglottic hemangioma. Vocal cord paralysis may be 
congenital or iatrogenic, caused by birth trauma or inad- 
vertent surgical injury to the recurrent laryngeal nerve. 
Subglottic stenosis may also be congenital or acquired 
secondary to local trauma after intubation. A more 
common and benign congenital cause of upper airway 
obstruction is laryngomalacia. In this condition the epi- 
glottis and arytenoid processes are oversized and floppy, 
causing collapse into the glottis during vigorous breath- 
ing. High-pitched stridor is noted during the neonatal 
period but tends to disappear by the child’s first or 
second birthday. 

Epiglottitis 

Epiglottitis is a life-threatening infection that affects both 
children and adults. 1 It results from bacterial invasion of the 
soft tissues of the larynx, causing inflammation of the su- 
praglottic structures. This leads to sudden, marked swelling 
of the epiglottis and surrounding tissues and may result in 
complete airway obstruction and death. Historically, epi¬ 
glottitis has been a disease of childhood, with little pro- 
drome, and rarely recurs. In contrast, adult symptoms are 
more nonspecific and often clouded by coexistent diseases. 

Incidence and Etiology 

The most common organism causing epiglottitis has been 
Haemophilus influenzae type B. Before widespread vaccina¬ 
tions with H. influenzae type B vaccine, bacterial epiglottitis 
was a fairly common pediatric illness, seen most often 
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in children younger than 6 years of age. With the advent of 
widespread vaccination in 1985, the incidence has de- 
creased by more than 95%. Despite the vaccinations and 
reduced incidence, H. influenzae type B still causes 75% of 
epiglottitis episodes. 2 Although the vaccination program 
has profoundly reduced the incidence of epiglottitis, mul¬ 
tiple isolated cases have occurred in patients with a com- 
plete vaccination history. 3 With the initiation of the 
vaccination program, patients with epiglottitis now tend 
to be older, with non-H. influenzae type B, principally 
group A (3-hemolytic Streptococcus, being the infecting 
organism. Primary group A (3-hemolytic streptococcal epi¬ 
glottitis can develop as a rare complication of varicella 
in an otherwise normal host. Noninfectious causes of 
epiglottitis in children include thermal epiglottitis from 
aspiration of hot liquid and traumatic epiglottitis from 
repeated intubation attempts or a blind finger sweep to 
remove a foreign body from the airway. 

Signs and Symptoms 

Onset of bacterial epiglottitis is usually abrupt and associated 
with high fever; severe sore throat; dysphagia with drooling; 
cough, progressing rapidly over a few hours to stridor; muf- 
fled (“hot potato”) voice without hoarseness; air hunger; and 
cyanosis. Suprasternal, substernal, and intercostal retrac- 
tions, along with nasal flaring, bradypnea, and dyspnea, are 
often displayed. The child assumes a characteristic position 
of sitting upright with the chin thrust forward and with the 
neck hyperextended (sniffing position) in a tripod position. 
The streptococcal variant of epiglottitis may be associated 
with a longer prodrome lasting more than 24 hours. 4 

Diagnosis 

Diagnosis of epiglottitis must be assumed based on the 
clinical presentation. Table 26-1 lists the clinical character- 
istics used in the differential diagnoses for epiglottitis and 
LTB. Because manipulation or agitation of the child with 
epiglottitis can trigger complete upper airway obstruction, 
unnecessary diagnostic procedures are avoided (e.g., arte- 
rial biood gas analysis, chest radiography) and every at- 
tempt made to maintain a nonthreatening atmosphere for 
the child. Until controlled intubation can be achieved 
(conducted under general anesthesia with a pediatrician, 
otolaryngologist, and anesthesiologist present), attempts 
to directly visualize the epiglottis, draw biood, insert intra- 
venous lines, or lay the child flat for an examination are 
avoided. Instead, allow the child to assume a position of 
comfort with “blow-by” oxygen therapy provided if neces- 
sary. If the clinical history and physical appearance of 
the child are only mildly suggestive of epiglottitis, more 
detailed examination or neck radiographs (Figure 26-4), or 
both, are helpful in confirming the diagnosis. 

Treatment 

Establishment of a stable artificial airway is the first pri- 
ority in the treatment of epiglottitis. Placement of an 


TABLE 26-1 


Differential Diagnosis of Laryngotracheobronchitis 
and Epiglottitis 


Laryngotracheobronchitis Epiglottitis 


Age 

3 months to 3 years 

2 to 6 years 

Cause 

Viral (parainfluenza, RSV) 

Bacterial 
(Haemophilus 
influenzae 
type B) 

Hi story 

Gradual onset (2-3 days) 

Acute onset 
(few hours) 


Previous cold symptoms 

Complaint of sore 
throat 

Symptoms 

Stridor 

Stridor 

Barking cough 

Minimal cough 


Fever variable 

High fever 


Hoarse voice 

Muffled voice 


No position preferred 

Prefers sitting 
upright with 
chin forward 


Retractions 

Retractions 


Irritable 

Drooling 


Does not appear acutely ill 

Anxiety 

Appears acutely ill 

Radiographic 

Subglottic narrowing 

Swollen epiglottis 

findings 


(thumb sign) 

RSV, Respiratory syncytial virus. 




FIGURE 26-4 Epiglottitis. The lateral neck radiograph illustrates 
the distorted, thumb-shaped epiglottic shadow. 


endotracheal tube (ETT) under general anesthesia is a 
safe way to provide a secure, temporary artificial airway. 
Because there is considerable swelling to the upper air¬ 
way structures, an ETT one size smaller than the pre- 
dicted size (based on age) is typically used. Dramatic 
improvement in respiratory distress is expected after in¬ 
tubation, which bypasses the site of obstruction. Once 
the ETT is inserted, it must remain in place during the 
12 to 48 hours required for the inflamed tissue to shrink 
in response to therapy. 
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Treatment of infectious epiglottitis is relatively short, 
with a 2-day course of ceftriaxone as effective as S days of 
chloramphenicol. This may be adjusted based on patient 
response and on the results of culture and sensitivity re¬ 
ports from biood and epiglottis swab specimens taken 
at the time of intubation. Close nursing supervision, con- 
stant use of arm restraints, and continuously infused seda¬ 
tives may suffice to prevent attempts at self-extubation. 
Mechanical ventilation may be needed for a short time if 
heavy sedation is required. 

Extubation is usually considered within 24 hours when 
signs of toxicity (e.g., fever) diminish and when an air leak at 
20 cm H 2 0 pressure develops around the ETT. Traumatic 
epiglottitis often takes several days longer for complete 
recovery. The physician may choose to directly visualize 
the epiglottis (by direct laryngoscopy or bronchoscopy) 
before attempting extubation to ensure adequate tissue 
shrinkage has occurred. The child is closely monitored for 
the return of stridor and other signs of respiratory distress 
for 12 to 24 hours after extubation. 

Laryngotracheobronchitis 
Incidence and Etiology 

LTB, also known as croup, is the most common cause 
of airway obstruction in children between 6 months and 
6 years of age. Typically it occurs in the fali and winter. 
Parainfluenza virus 1 is the most common cause, resulting 
in biennial epidemics in the United States during October 
through February of odd-numbered years. Other much 
less common infectious causes include influenza viruses, 
RSV, herpes simplex virus, and Mycoplasma pneumoniae. 

The viral infection causes a mucosal edema and exudate 
formation in the glottic and subglottic areas, involving the 
airways from the larynx to the bronchus, hence the name 
laryngotracheobronchitis. The edema develops over several 
days, and the resultant airway narrowing becomes severe 
enough to cause various degrees of airway obstruction. 
Obstruction is more severe during inspiration because of 
the deeply negative airway pressures needed to inspire 
against the edematous airway. Average hospital admission 
rate for LTB is more than 40,000 children per year, result¬ 
ing in an annual cost of $190 million, with approximately 
91% of the children younger than S years of age. 1 

Signs and Symptoms 

The child with LTB presents with a gradual prodrome of 
low-grade fever, malaise, rhinorrhea, and hoarse voice. Over 
several days, the illness progresses to inspiratory stridor 
and a “barky” cough, often described as sounding like the 
bark of a seal. Physical examination reveals nasal flaring; 
nasal congestion; use of accessory muscles; and supraster- 
nal, subcostal, and intercostal retractions that, along with 
the stridor, become worse when the child is agitated. 

Estimating the severity of the disease can be difficult. 
The illness usually occurs during cold seasons. Transport¬ 
ing an ill child in moderate distress in an automobile with 


TABLE 26-2 


Croup Scoring System 


Indicators of 

Severity Findings Croup Score 


Inspiratory 

None 

0 

stridor 

At rest, with stethoscope 

1 


At rest, without stethoscope 

2 

Retractions 

None 

0 


Mild 

1 


Moderate 

2 


Severe 

3 

Air entry 

Normal 

0 


Decreased 

1 


Severely decreased 

2 

Cyanosis 

None 

0 


With agitation 

4 


At rest 

5 

Level of 

Normal 

0 

consciousness 

Altered mental status 

5 


From Westley CR, Cotton EK, Brooks JG. Nebulized racemic epinephrine 
by IPPB for che treatment of croup: a double-blind study. Am J Dis Child 
1978;132:484. 


cold ambient air commonly results in the child being 
virtually symptom-free on arrival in the emergency depart- 
ment. Inhalation of the cold air reduces the swelling and 
rapidly reduces the respiratory distress. More recent at¬ 
tempts to quantify LTB severity have centered around 
the presence of pulsus paradoxus 11 and the Croup Score 
developed by Westley (Table 26-2). 6 

Diagnosis 

A lateral neck radiograph, sometimes obtained to help 
differentiate the disease from epiglottitis, demonstrates 
a large retropharyngeal air shadow without epiglottic 
swelling. The anteroposterior chest radiograph reveals 
the classic “steeple sign,” a sharply sloped, wedge-shaped, 
linear narrowing of the trachea. This demonstrates the 
subglottic tracheal edema that extends from the larynx to 
the thoracic trachea (Figure 26-5). 

Treatment 

Treatment of mild cases of LTB is largely supportive— 
ensuring temperature control, adequate hydration, and 
humidification of inspired air. Techniques to cool the 
airway have traditionally used humidified air with water 
particles large enough to “rain out” onto the upper airway 
and tracheal mucosa. Cool mist tents (croup tents) were 
designed to provide continuous humidified air to the tra¬ 
chea. Little, if any, proof of effectiveness exists on the use 
of this form of humidification, and it has fallen out of 
favor because of infection control and environment issues 
associated with its use. 

If increasing respiratory efifort, irritability, and inability to 
engage in play or eating develop, hospitalization may be in- 
dicated. Hospital care for the child with LTB is largely symp- 
tomatic and centers on careful monitoring for advancing 
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FIGURE 26-5 Laryngotracheobronchitis. The anteroposterior neck 
radiograph reveals steeply angled subglottic walls (“steeple sign”). 

respiratory compromise. Regular assessment of the res- 
piratory rate, degree of retractions, mental status, and air 
exchange is essential. Oxygen saturation monitoring is use- 
ful, but generally desaturation is a late finding. Children 
requiring an Fio 2 of more than 0.35 are watched closely for 
evidence of impending respiratory failure. 

Nebulized racemic epinephrine is used to induce vasocon- 
striction of the upper airway. With the use of a 2.2% solution, 
0.5 to 1.0 ml of medication is diluted to a 3.0 ml volume with 
normal saline and given by inhalation with a face mask over 
a period of approximately 10 minutes. The aerosols are often 
begun in an emergency department and the child evaluated 
for their effectiveness. A reduction in airway edema usually 
occurs within 10 to 20 minutes, with a gradual reduction of 
its effect over 2 hours. Although the aerosols may be given as 
frequently as every 30 minutes, the potential side effects 
from cardiovascular stimulation and the implied severity of 
respiratory distress should limit such use to an intensive care 
unit setting. Reports of a “rebound” effect from persistent 
use of the racemic epinephrine restricted its use to inpatient 
settings until recently. 7,8 Today, patients are treated with 
dexamethasone and racemic epinephrine and discharged 
from the emergency department to home if they are free 
of intercostal retractions and stridor after a 2-hour waiting 
period. 9 

Recommendations for adrenocorticosteroid therapy in 
patients with LTB have had a long and complicated course. 
Original proof of effectiveness came with the combined 
analysis of many studies (meta-analyses) that demon- 
strated effectiveness of a single dose of dexamethasone at 
0.6 mg/kg given intramuscularly. More recent studies have 
compared inhaled corticosteroids to oral systemic cortico- 
steroids, with and without inhaled racemic epinephrine. 
Administration of oral dexamethasone at 0.6 mg/kg has 
been recommended as the least expensive and least inva- 
sive means by which to lower hospitalization rates. 7,8 


Endotracheal intubation may be necessary if the child 
becomes exhausted or severe respiratory distress develops. 
To avoid traumatizing the inflamed subglottic tissue, the 
ETT should be at least 1 mm smaller in diameter than that 
estimated for the child’s age. As with epiglottitis, dramatic 
improvement in respiratory distress is expected after intu¬ 
bation. Attempts at extubation can be made if an air leak 
develops around the ETT at pressures under 20 to 30 cm 
H 2 0. The child is closely monitored in the 4 to 12 hours 
after extubation for the return of stridor. 

Traumatic and Postoperative 
Laryngotracheobronchitis 

Airway obstruction may occur as a sequela of endotracheal 
intubation. Even the most carefully placed ETT can result 
in significant injury to the tracheal lining. The cilia in 
the trachea are easily damaged, especially with aggressive 
suctioning procedures. Excessively large endotracheal 
tubes lead to necrosis of the tracheal mucosa. An ETT leak 
of 20 to 25 cm H 2 0 is recommended to minimize the pres¬ 
sure the ETT applies against the surface of the trachea 
near the cricoid ring. The value of this leak has been called 
into question in studies in which the presence of an ETT 
leak was found to be less predictive of postextubation 
LTB than the duration of intubation. 10 

Historically, noncuffed endotracheal tubes have been used 
in children younger than 8 years of age. This practice began 
several decades ago when low-volume, high-pressure endotra¬ 
cheal tubes used during anesthesia became overdistended 
when nitrous oxide diffused into the ETT cuff, resulting in 
pressure-related injury to the trachea. The safety of cuffed 
endotracheal tubes has since been reevaluated in several stud¬ 
ies. In one study when this was done, 99% of the patients 


CASE STUDY 3 


A 2-year-old giri arrives in the emergency room intubated with 
a 4.0 ETT by EMS. The mother States the toddler had been ill 
for several days with a runny nose, fever, and a cough. The 
night before, the mother had noted that the giri was breath- 
ing “funny” and had a barking cough. This morning she 
refused to drink, had increased difficulty breathing, and was 
very irritable. She has had multiple episodes of vomiting with 
coughing, but no diarrhea. After Consulting her pediatrician 
by phone, she had been advised to call an ambulance and 
have the child transported to the hospital. EMS reports 
to have found the toddler in respiratory distress and in 
an altered mental State. Marked stridor was audible and 
the oxygen saturation was measured at 58%. The infant was 
sedated and paralyzed; the intubation with the 4.0 ETT was 
extremely difficult and required multiple attempts. 

What is your differential diagnosis? 

What treatment should you recommend? 

What complications should you expect? 


See Evolve Resources for answers. 
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had a minimal leak with no increase in the incidence of 
postextubation LTB when compared with patients using 
a noncuffed ETT. 11 Direct airway injury from suctioning 
induces scar tissue and granuloma development that will 
result in varying degrees of airway obstruction. Granulomas 
have developed even after very brief periods of endotracheal 
intubation in infants. 12 Children who exhibit postextu¬ 
bation moderate stridor are treated with racemic epineph- 
rine inhalation, and dexamethasone. Severe stridor requires 
reintubation. 

LOWER AIRWAY DISORDERS 
Bacterial Tracheitis 

Bacterial tracheitis is a medical emergency that can result 
in complete airway obstruction and death. Patients typi- 
cally have an antecedent upper respiratory infection or 
LTB-like symptoms for several days before presentation 
with severe airway obstruction. Although the slow progres¬ 
sion of the disease closely resembles LTB, the fever, toxic 
appearance, and elevated white biood cell count with an 
increased percentage of premature white cell forms (bands) 
all suggest the likelihood of a bacterial disease. Neck and 
chest radiographs reveal narrowing of a subglottic airway 
with irregular mucosal surface, without evidence of epi- 
glottic swelling. 1 

Bacterial tracheitis responds poorly to racemic epineph- 
rine and typically requires the placement of an artificial air¬ 
way to manage the copious tracheal secretions. Treatment 
includes antibiotics to cover for S. aureus, H. influenzae , and 
S. pneumoniae. The disease resolves more slowly than epiglot- 
titis, requiring nearly a week before extubation is attempted. 

Obstruction of the Trachea 
and Major Bronchi 

Tracheal narrowing produces either expiratory or biphasic 
(inspiratory and expiratory) wheezing. The degree and flex- 
ibility of the airway narrowing will determine the severity of 
the wheeze. Because the trachea serves as the final conduit 
for the removal of secretions, lesions in this area may result 
in pooling of mucus with rhonchi audible during ausculta- 
tion. The abnormalities are heard radiating throughout the 
chest but are best appreciated over the sternal area. It is 
often difficult to discern where the wheezes or rhonchi 
originate in a small child. Wheezes or rhonchi that remain 
equal in pitch across all regions of the chest but are heard 
loudest around the sternum most likely have originated in 
the trachea. Larger bronchial lesions produce similar mani¬ 
festations but are more localized to the side of the lesion. 

Tracheomalacia 

Tracheomalacia is a condition of dynamic tracheal collapse 
caused by abnormal shape and flexibility of the tracheal 
cartilage rings. The abnormality can affect either a small 
section or the entire length of the trachea. Although often 
idiopathic in origin, there may be identifiable extrinsic 


causes that have led to tracheal wall softening. Common 
injurious events include neonatal ventilation with high 
pressures, chronic trauma to the trachea from a malposi- 
tioned ETT or aggressive endotracheal suctioning, and 
external compressive structures, such as a vascular ring. 

In most cases of tracheomalacia the infant or child pre¬ 
sents with chronic wheezing that becomes more severe 
with vigorous breathing. Fortunately, the abnormality 
tends to improve with time as the child’s airway grows, and 
little intervention is necessary. Severe tracheomalacia may 
result in complete obstruction and profound episodic hy- 
poxemia, especially during forced exhalation. Repeated 
airway collapse during exhalation leads to increasingly se¬ 
vere lung hyperinflation. Because exhalation is impaired by 
airway collapse, once the lung is completely inflated, air 
movement is no longer possible. This scenario is most 
often seen in older infants with a history of prolonged 
positive-pressure ventilation and severe bronchopulmo- 
nary dysplasia (BPD). During severe agitation, these in¬ 
fants become cyanotic and even bradycardic, with little or 
no air movement in spite of increased respiratory effort. 

Treatment options are few, mostly unsatisfactory, and 
include prolonged continuous positive airway pressure 
(occasionally fairly high pressure of 8 to 12 cm H 2 0) or 
ventilatory support with a tracheostomy tube in place to 
distend or “splint open” the airways. For milder cases, 
chronic sedation may avoid the episodic agitation that 
leads to the airway obstruction. 

Congenital Tracheal or Bronchial 
Stenosis 

Like tracheomalacia, congenital tracheal or bronchial ste¬ 
nosis may involve extensive or short lengths of the in- 
volved airway. The severity of symptoms depends on the 
degree and length of the stenosis. A common cause of ste¬ 
nosis in the newborn is the formation of a vascular ring. 
This occurs in infants with congenital malformation of 
the great vessels of the heart, usually a double aortic arch. 
With this malformation, the aorta wraps around both 
the esophagus and trachea. Infants can present with feed- 
ing difficulties and uncontrollable wheezing. Surgical cor- 
rection of the defect can reduce symptoms, although 
the residual presence of focal tracheomalacia may cause 
respiratory symptoms to persist postoperatively. 

Tracheal stenosis results from complied or nearly com- 
plied rings of cartilage. They present as segmental stenosis 
anywhere in the tracheobronchial tree or as generalized 
stenosis/hypoplasia. Funnel-shaped lesions are associated 
with pulmonary artery sling. This is a very rare anomaly 
and outcome has recently been improved through new 
surgical techniques. 

Intraluminal Obstruction 

An acquired cause of airway narrowing is the development 
of intraluminal obstruction. In the child, foreign body 
obstruction is encountered more commonly than the 
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adult problem of endobronchial tumor. Infectious agents 
(e.g., Mycobacterium tuberculosis ) or a neoplasm, classically 
Hodgkin’s lymphoma, may cause lymphadenopathy that 
compresses the airway. The other differential diagnosis to 
consider is cardiomegaly in patients with congenital heart 
defects, which especially can compress the left main bron- 
chus because of its anatomical relation to the heart. The 
diffuse, chronic wheeze associated with these disorders is 
often confused with asthma. Endobronchial compression 
is suspected in an infant or child with persistent wheezing 
who does not respond to bronchodilator therapy. Diag- 
nostic studies to differentiate the cause of wheezing in 
these patients include barium swallow (for evidence of a 
vascular ring), bronchoscopy, and computed tomography 
of the chest. Treatment of intrinsic tracheal and major 
airway obstruction is often surgical and is directed at 
widening the narrowed area. Additionally, treatment of 
the primary cause for the lymphadenopathy, such as 
Hodgkin’s lymphoma, is critical. 

Foreign Body Aspiration 

Incidence 

A leading cause of accidental death in the toddler is foreign 
body aspiration. The degree of respiratory sequelae depends 
on the nature of the material aspirated, whereas the severity 
of neurological sequelae depends on the duration of ventila- 
tory compromise. Mobile infants and toddlers are at par- 
ticularly high risk by virtue of their tendency to place objects 
in their mouths. Inappropriate toys for a child’s age may 
have loose parts, and certain foods (e.g., nuts, Vienna sau- 
sages, hot dogs) are just the right size to become lodged in a 
child’s airway. The preferred location for small enough ob¬ 
jects is the right middle lobe bronchi, which has the most 
direct and straight connection to the trachea. If the child 


is neurologically intact, these aspirations commonly occur 
if the child is straddled or falls while harboring such objects 
in or near the mouth. 

Signs and Symptoms 

Signs and symptoms of foreign body aspiration vary with 
the location of impaction and the degree of airway ob¬ 
struction. They can range from unilateral wheezing or re- 
current pneumonia, as when peanuts or popcorn obstruct 
the smaller airways, to immediate occlusion of the upper 
airway with complete absence of air movement and rapid 
death from suffocation, as seen in hot dog or balloon aspi¬ 
ration fatalities. It is not necessary for the foreign body to 
be in the trachea: a big enough object stuck in the esopha- 
gus can elicit very similar symptoms of respiratory distress. 

Diagnosis 

The cause of the obstruction and adequacy of ventilation 
should be quickly determined. A thorough history of the 
circumstances surrounding the onset of symptoms helps 
determine whether this is a foreign body aspiration or an 
infectious process. However, a complete history is often 
difficult to obtain. Examiners must determine, first and 
foremost, the adequacy of ventilation, followed by the 
location of the obstruction. Children with sudden onset of 
wheezing, particularly if wheezing has never occurred be- 
fore and is unilateral in nature, raise suspicions of foreign 
body aspiration. 

Anteroposterior and lateral neck and chest radiographs 
are useful if the object is radiopaque. Although the appear- 
ance of a radiopaque foreign body on a radiograph is striking, 
many aspirated materials, such as peanuts and carrots, can- 
not be detected in this fashion (Figure 26-6). Foreign body 
aspiration usually occurs at the laryngeal level. Deviation 



FIGURE 26-6 Foreign body obstruction. Posteroanterior (A) and lateral (B) chest radiographs reveal 
an esophageal foreign body that caused respiratory distress from posterior pressure on the trachea. 
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in the airway shape may indicate a foreign body not otherwise 
visible. Recurrent pneumonia in the same lobe is also suspi- 
dous. Asymmetrical lung hyperinflation can result from a 
ball-valve effect of foreign material localized in a major bron- 
chus. This defect is most often apparent on an expiratory film 
(Figure 26-7). 13 Comparison between an expiratory and inspi- 
ratory film can also yield the diagnosis but depends greatly on 
the cooperation of the child. 

Fiberoptic laryngoscopy or bronchoscopy is helpful in 
both tinding and retrieving the foreign body. Such proce¬ 
dures are best done in an operating room and with a rigged 
bronchoscope. Pulse oximetry is used to determine the 
need for supplemental oxygen. Arterial biood gas analysis 
is indicated if hypercarbia is suspected in the child with 
severe obstruction. 

Treatment 

Therapy employed will vary with the severity of the 
obstruction. If the child is well oxygenated and ventilated, 



FIGURE 26-7 Foreign body aspiration. Asymmetrical lungvolumes 
(A), accentuated during exhalation (B), indicate an obstructing ball- 
valve type of lesion in the left bronchus. 


a controlled therapeutic bronchoscopy or laryngoscopy 
with appropriate anesthesia is preferred. When foreign 
body aspiration is suspected and respiratory symptoms are 
acute, urgent bronchoscopy with removal of the object is 
necessary. Even if the child appears to be stable, movement 
of the object to a more critical area can result in sudden 
clinical deterioration. The child with complete obstruction 
may require emergent cricothyrotomy to establish a patent 
airway. 

Pediatric advanced life support guidelines State that 
signs of severe or complete airway obstructions that re¬ 
quire intervention include the following: 

■ Inability to speak or cry audibly 
• Weak, ineffective cough 

High-pitched sound or no sound during inhalation 

■ Increased difficulty breathing with distress 

Cyanosis 

Universal choking sign (thumb and index finger 

clutching neck) 

No interventions should be taken if the child can 
cough forcefully or speak. In this case one should stay 
with the child monitoring the situation and providing 
emotional support. The intervention described below ad- 
dresses the classical, everyday foreign body obstruction 
scenario. In a hospital setting the situation may be differ- 
ent and more likely related to causes or complications of 
medical treatment. In those cases troubleshooting equip- 
ment and suctioning of the airway should be the first line 
of action. 

Once the obstruction is relieved, some children will be 
discharged as soon as they recover from anesthesia. In 
others, resolution of symptoms may be delayed. Airway 
edema may develop and require corticosteroid therapy 
along with careful monitoring to ensure that a progres¬ 
sive obstruction does not ensue. Reactive granulation 
tissue at the site of impaction along with postobstructive 
infection may take some time to resolve. A second bron¬ 
choscopy may be required because of reaccumulation of 
secretions. 

If intubation and mechanical ventilation are indicated, 
the ventilation strategies often include synchronized inter- 
mittent mandatory ventilation (SIMV), pressure support, or 
volume support. Remembering that these children usually 
have normal lung function, the Fio 2 and minute ventilation 
requirements are low and are set to obtain normal arterial 
biood gas values. Once patency of the airway is ensured, 
mechanical ventilation is weaned. Secondary infection and 
prolonged intubation are occasional complications. 

Atelectasis 

Etiology and Pathophysiology 

Atelectasis is collapsed lung parenchyma and is best com- 
pared to a wet sponge that fails to reinflate after being 
compressed. Many processes can cause atelectasis. Internal 
or parenchymal disorders that are characterized by an in- 
adequate tidal volume, loss of lung compliance (e.g., acute 
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respiratory distress syndrome), airway obstruction (e.g., 
mucus plugging), and increased elastance of lung tissue 
can all result in atelectasis. External forces also lead to 
compression of lung parenchyma, with the reduction in 
lung volume resulting in atelectasis. These include chest 
wall disorders (e.g., kyphosis, flail chest), accumulation of 
pleural fluid, obesity, and abdominal ascites. 

The right middle lobe, which has the poorest collateral 
air circulation and smallest bronchial opening of the ma¬ 
jor lung segments, is particularly prone to mucus plugging 
and collapse. Intubated patients, particularly young in¬ 
fants, have a propensity toward right upper lobe collapse. 
This is most likely related to their supine positioning and 
tendency toward obstruction of the right upper lobe bron- 
chus (the most proximal of all the lobar bronchi) by a 
migrating ETT. Postoperative patients are at particular 
risk of atelectasis because of an ineffective cough, impaired 
mucus transport, and the effect of anesthesia. Surfactant 
deficiency may occur in the child after smoke inhalation or 
lung contusion, resulting in various degrees of lung col¬ 
lapse. Tracheobronchial suctioning has also been related 
to atelectasis in children and is believed to result from the 
negative pressure that the airway is exposed to during the 
suctioning process. 

Signs and Symptoms 

Clinical presentation will vary with the cause and severity 
of the lung volume loss. Clinical history may reveal slow 
regression of activity and deterioration of pulmonary 
function, as may be seen with a slowly growing pleural tu¬ 
mor. Conversely, the patient may experience rapid-onset 
dyspnea and cyanosis from a foreign body aspiration that 
occludes a large bronchus, leading to airway collapse. 


Patients with enough atelectasis to create a severe venti- 
lation/perfusion (V/Q) mismatch exhibit clinical symp¬ 
toms of cyanosis, tachypnea, nasal flaring, retractions, and 
grunting. The patient may complain of chest pain on deep 
inspiration if the pleura is inflamed or there is accompany- 
ing pneumothorax. 14 

Arterial biood gas analysis reveals low oxygen satura- 
tions, manifesting low V/Q ratios. The Paco 2 levels often 
remain normal in the presence of atelectasis, as a result of 
the rapid diffusion characteristics of C0 2 and close regula- 
tion of the Paco 2 by an altering respiratory rate. 

Diagnosis 

Although atelectasis is most often found on a chest ra- 
diograph, it may first be suspected during a physical ex- 
amination. Decreased breath sounds, increased tactile 
fremitus, tracheal deviation, and an elevated diaphragm 
may indicate atelectasis; however, many patients with 
atelectasis are asymptomatic on physical examination. 
Diagnosis is confirmed with evidence of volume loss on 
a chest radiograph (Figure 26-8). 

Treatment 

Treatment of atelectasis is aimed at removing the cause 
and depends on the individual patient’s clinical course. 
Drainage of pleural fluid or removal of external compres- 
sors will allow the lung to reexpand. If the cause is airway 
obstruction, bronchoscopy or good pulmonary hygiene, 
including aerosolized bronchodilators and chest physio- 
therapy, will facilitate returned airway patency. In the intu¬ 
bated patient, the use of continuous distending pressure 
may reverse and prevent further lung collapse. 1; Early mo- 
bilization and position changes in postoperative patients, 
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along with encouragement in coughing and deep breath- 
ing (e.g., incentive spirometry), are techniques used to 
prevent and often treat atelectasis. 

Bronchiectasis 

Etiology and Pathophysiology 

Bronchiectasis is defined as irreversible dilation of the bron- 
chial tree. Typically the segmental and subsegmental bron- 
chi become irregularly shaped and dilated, leading to a loss 
of the typical funnel configuration that allows smooth 
central flow of secretions. Additionally, ciliary activity in the 
area of the dilation is inadequate and further contributes 
to the difficulty in mobilizing secretions. The secretions 
become infected as they pool. The lower lobes, particularly 
the left lower lobe, are most often involved. 

A small number of patients may have congenital bron¬ 
chiectasis in which there is a defect in the development of 
bronchial cartilage or there is developmental failure of the 
elastic and muscular tissues of the trachea and main bron- 
chi. Most patients acquire the disease, and bronchiectasis 
develops as a result of airway obstruction or chronic infec- 
tion. Causes include bronchial obstruction (e.g., foreign 
body aspiration, mediastinal mass), infections (e.g., mea- 
sles, pertussis, pneumonia), Kartagener syndrome, and 
cystic fibrosis (CF). 

Signs and Symptoms 

Bronchiectasis may occur acutely after an infection or have 
a more insidious onset in patients suffering from chronic 
pulmonary diseases such as CF or reflux and aspiration. 
Patients experience chronic cough, often productive of 
copious amounts of thick purulent sputum that has a 
three-layered appearance if left standing for some time, 
and only occasional hemoptysis. Pulmonary infections are 
common, with recurrent fever and foul-smelling breath or 
sputum. Dyspnea on exertion and dubbing of the digits 
may manifest in some cases. The lower lobes, particularly 
the left lower lobe, are most commonly involved. 


Diagnosis 

Bronchiectasis may be suspected on the basis of the clinical 
history and physical examination. Plain chest radiographs 
are seldom normal but alone are not definitive in diagnos- 
ing the disease. The abnormal pattern of bronchiectasis is 
seen most strikingly during bronchography. 16 Flowever, this 
is rarely performed today. Instead, computed tomographic 
scanning is used to confirm the diagnosis (Figure 26-9). 
Pulmonary function may be abnormal, with spirometry 
demonstrating an obstructive pattern. A combined obstruc- 
tive and restrictive disease pattern may be present in the 
more severe cases. 17 

Treatment 

Medical management depends on the severity of the dis¬ 
ease. Chest physiotherapy, including postural drainage and 
percussion, along with adequate hydration is performed to 
improve the mobilization of pulmonary secretions. Newer 
concepts favor the idea that low mucus salinity rather than 
underhydration contributes to mucus retention. This may 
explain the success and increased use of nebulized hyper- 
tonic saline in these patients. 

Antibiotic therapy is given orally, by nebulization (i.e., 
tobramycin), or by the intravenous route. The choice of 
antibiotic is based on the results of the individual patient’s 
sputum culture results. Blind use of broad-spectrum anti- 
biotics in this chronic disease may lead to more resistant 
colonization. 18 The improved empiric use of intravenous 
antibiotic and new mucous-clearing medications and 
treatments in CF patients have improved the outcome in 
this particular disease. 

In those cases in which the child suffers severe illness 
(i.e., failure to thrive, severe hemoptysis) in spite of antibi¬ 
otic therapy and chest physiotherapy, surgical resection 
of the bronchiectatic section of lung may be considered. 
Patients with the disease localized to only one or two lobes 
are considered better candidates for surgical interven¬ 
tion. 19,20 (See Case Study 4.) 



FIGURE 26-9 Widened, thick-walled bronchial tubes (cut in cross section) in the peripheral lung zones. 
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CASE STUDY 4 


A 314-year-old boy is admitted to the intensive care unit 
(ICU) after heart surgery. He was on cardiopulmonary by- 
pass for 1 90 minutes and the operation went well. In the ICU 
he is sedated and ventilated. A chest radiograph and cultures 
are obtained on postoperative day 1 for fever. The chest 
radiograph shows consolidation of the left lower lobe, and it 
remains the same over the next days. All cultures are negative, 
and he is successfully extubated on postoperative day 4. The 
chest radiographs remain unchanged, and the decision for 
bronchoscopy is made. Before the bronchoscopy the plan 
is to reintubate the child. He is paralyzed, and his baseline 
oxygen saturation remains at 75% to 79% under bag-mask 
ventilation. An ETT is placed under good visualization of the 
vocal cords, but his oxygen saturations fali to 60% to 65% 
with minimal chest rise and increased resistance to bagging. 
He is extubated, and it is not possible to bag-mask ventilate 
him. His oxygen saturations continue to drop, and after a 
second intubation attempt with good visualization of the 
vocal cords, he goes into cardiac arrest. 

What is your differential diagnosis? 

What are your actions? 


See Evolve Resources for answers. 

Acute Bronchiolitis 
Etiology and Pathophysiology 

The term acute bronchiolitis is applied to a condition in 
infants in which a viral respiratory tract infection results 
in clinical symptoms of small airway obstruction. 21,22 In 
the majority of infants with bronchiolitis, the causative 
organism is RSV. 2 -’ 

RSV is a highly contagious virus and has its greatest 
impact on young infants. Infants younger than 6 months 
of age are at particular risk of severe infection, with 
the peak incidence for hospitalization occurring between 
2 and 6 months of age. 24 Bronchiolitis is the number one 
cause of hospitalization in the United States, and consid- 
erable variation exists in the management. 25,26 Although 
most cases are mild and do not require hospital admission, 
epidemics of the infection occurring between December 
and March result in nearly 100,000 hospitalizations in the 
United States each year.- Postmortem evaluation of in¬ 
fants with severe bronchiolitis reveals obstructed airway 
lumina from impacted cellular debris. In vitro studies sug¬ 
gest that an intense inflammatory response occurs in the 
infant’s airways and may contribute to increased mucus 
secretion and transudation of fluid into the airways and 
airway walls. 28 

Incidence 

Acute bronchiolitis is seen most often in infants younger 
than 1 year of age who were born prematurely, live in 
a crowded environment, attend day care facilities, and 
are exposed to passive smoke. 26 Bronchiolitis with RSV 


infection is particularly devastating to infants with certain 
at-risk conditions, including premature birth, chronic 
lung disease (e.g., BPD, CF), congenital heart disease 
(especially those with pulmonary hypertension), and im- 
munodeficiencies.- These infants are at risk of respiratory 
failure and death. 

Signs and Symptoms 

Physical findings vary considerably with the patient’s age. 
Infants (younger than 1 year of age) develop coryza, cough, 
respiratory distress, wheezing, and tachypnea. The symp¬ 
toms of infection usually peak around 48 to 72 hours and 
a previously healthy infant can progress from what was 
thought to be a simple cold to severe respiratory distress 
during that time. In contrast, the principal symptoms in 
children older than 2 years of age are profound nasal con- 
gestion and productive cough. Chest auscultation reveals 
diffuse, coarse, “sticky” rales (“Velcro” rales), which may 
be accompanied by wheezes. A chest radiograph typically 
reveals intense lung hyperinflation with flattened hemidia- 
phragms (obstructive), with occasional films showing 
evidence of collapse or consolidation (Figure 26-10). 

Severe, life-threatening apnea is a common symptom in 
the very young infant with bronchiolitis, especially in those 
with cardiorespiratory disease or a history of premature 
birth or apnea. An infant may also be agitated and have dif- 
ficulty feeding as a consequence of hypoxia. This may lead 
to dehydration as well as respiratory failure. Development 
of cyanosis usually heralds impending respiratory failure. 
Arterial Pco 2 rising above 45 mm Hg despite tachypnea 
indicates impending respiratory failure and respiratory 
support needs to be prepared, including intubation. 

Diagnosis 

Clinical diagnosis of acute viral bronchiolitis is confirmed 
by identifying the RSV or other respiratory virus. Naso- 
pharyngeal aspirate or nasal lavage provides samples of the 
virus. Diagnosis is based on the clinical presentation and 
the results of viral culture and antigen detection assays 
(i.e., enzyme-linked immunosorbent assays). 30 Clinical his¬ 
tory and physical examination form the basis for a diagno¬ 
sis of bronchiolitis. 

Features of clinical history may include but are not 
limited to the following: 

Preceding upper respiratory infection or rhinorrhea 
Features of lower respiratory infection 
History of sick contacts 

Features of physical examination may include but are 
not limited to the following: 

Signs of respiratory distress: tachypnea, retraction, hy¬ 
poxia, color change, nasal flaring, grunting, apnea, head 
bobbing, or wheezing 
Signs of dehydration 

Although the diagnosis of bronchiolitis is clinically 
evident, the differential diagnosis is broad and always 
warrants consideration. 
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FIGURE 26-10 Severe bronchiolitis. Posterior (A) and lateral (B) chest radiographs reveal flattening 
of the diaphragm and widening of the anteroposterior diameter, which is indicative of severe air 
trapping. Perihilar markings are accentuated. 


Treatment 

Treatment of bronchiolitis is largely supportive, along 
with careful monitoring. The infection is self-limiting in 
many patients, and hospitalization is not necessary if 
symptoms are mild. The infant is monitored for apnea, 
hypoxia, and dehydration. Care is taken to provide ade- 
quate feedings and prevent further respiratory distress. 

The decision to hospitalize a child with bronchiolitis 
involves a multifactorial assessment of the risk factors, 
clinical symptoms, age, and familial resources. Supportive 
care with supplemental oxygen, intravenous hydration if 
needed, and close clinical monitoring is essential. In most 
cases, low-flow oxygen therapy (typically nasal cannula) is 
sufficient to reduce the hypoxia and respiratory distress. 
Patients with recurrent apnea or respiratory failure may 
need intubation and mechanical ventilation. Continuous 
monitoring with pulse oximetry is essential, as well as arte- 
rial biood gas analysis for those patients in whom respira¬ 
tory failure is suspected. Mild yet persistent hypoxia (Spo 2 
88% to 92%) despite oxygen therapy can be an ominous 
sign of impending respiratory failure because the patient 
could be moving from the obstructive (improved func- 
tional residual capacity) to the restrictive (atelectasis) 
phase of disease. In practice it is very important to ensure 
patent nares, especially if nasal cannula is used, because 
RSV typically generates copious amounts of nasal secre- 
tions. This is best achieved by frequent and efficient suction 
of the nares. 

Infants with tachypnea, agitation, and cough are at risk 
of dehydration. In many moderate to severe cases they 
stop eating because they cannot coordinate the sequence 


of suck, swallow, and breathe at high respiratory rates. 
This is a common concern in those patients who experi- 
ence vomiting with the cough. Intravenous fluids or fre¬ 
quent small-volume feedings are both routes to consider 
when fluid intake is poor. 

Although the role of bronchodilators in the manage¬ 
ment of bronchiolitis is controversial, there is some evi- 
dence that they are effective. In some studies, albuterol 
brought significant short-term improvement in clinical 
scores but was not found to reduce admission rates or de- 
crease the length of hospitalization. 1 A single inhalation 
trial using epinephrine or albuterol can be considered for 
respiratory distress on an individual basis, such as when 
there is history of asthma, allergy, or atopy. 32 It is recom- 
mended to discontinue inhalation therapy if there is no 
clinical response such as improved respiratory distress 
or improved bronchiolitis scores. Nebulized racemic epi¬ 
nephrine demonstrates better short-term improvement in 
pulmonary physiology and clinical scores but only in the 
outpatient setting. 33 However, continuation of inhalation 
therapy despite documented nonresponse exposes the 
patient to unnecessary therapy and cost. 

Ipratropium bromide and theophylline have not proven 
to be beneficial as bronchodilators in the treatment of 
bronchiolitis. 34,35 Despite the evidence of airway inflam¬ 
mation, use of systemic or inhaled corticosteroids early in 
the symptomatic phase of the disease does not tend to 
improve outcome. 36 However, inhaled corticosteroids are 
sometimes given to reduce short-term morbidity when 
there is delayed recovery. It is questionable if these in¬ 
terventions are successful in infants and children with 
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a tendency to have recurrent wheezing or asthma in the 
future or if the children with treatment success have some 
other unknown underlying respiratory physiology or 
chemistry variety. 

Nebulized hypertonic saline (3%) is considered an effec- 
tive and safe treatment for infants with mild to moderate 
respiratory distress and has been shown to reduce length 
of stay. 1 The optimal treatment regime for nebulized hy¬ 
pertonic saline in the inpatient setting in acute bronchio- 
litis remains unclear. A recent randomized controlled trial 3 ' 
using hypertonic saline every 2 hours for 3 doses, every 
4 hours for 5 doses, and every 6 hours until discharge has 
shown promising results and is an alternative; however, 
more evidence is needed on efficacy and dosing regimen. 
Hypertonic saline therapy significantly reduces bronchio- 
litis scores (pre/post-hypertonic saline) among patients 
with mild to moderate bronchiolitis. The first dose of 
hypertonic saline requires close clinical monitoring for 
development of acute bronchospasm. A onetime as-needed 
albuterol order is recommended for the first dose. Acute 
bronchospasm during or immediately after hypertonic 
saline therapy is a possible side effect, especially in chil¬ 
dren with known or unknown asthma. Given the difficulty 
in distinguishing between asthma and viral bronchiolitis 
in infants, the first dose should be monitored closely. 

Antibiotics. Antibiotics are not recommended in the 
absence of an identified bacterial focus. 38 Bacterial infec- 
tions should be treated in the same manner as when in the 
absence of bronchiolitis. Previously healthy, febrile chil¬ 
dren 24 months old or younger with bronchiolitis have a 
low incidence of meningitis, bacteremia, and urinary tract 
infection. Physician discretion is required when managing 
infants younger than 60 days old. For infants diagnosed 
with bronchiolitis and otitis media, piease refer to practice 
guidelines. 32 If using antibiotics without identified bacte¬ 
rial focus, exercise caution and consider potential side 
effects, such as cost to patient and community and in- 
creasing bacterial resistance to antibiotics. 

Other Medications. It is recommended that antihista¬ 
mines, oral decongestants, and over-the-counter (OTC) 
cough and cold medications not be used for routine therapy 
because of potential side effects. 39 ' 41 The FDA recommends 
that OTC cough and cold products not to be used for chil¬ 
dren younger than 2 years because serious and potentially 
life-threatening side effects can occur. 41 

Ribavirin, a broad-spectrum virustatic agent, continues 
to play a contentious role in the treatment of bronchio¬ 
litis. It is administered as an aerosol and delivered to the 
patient, through either an oxygen hood or a ventilator 
circuit, for 12 to 18 hours per day. Although early studies 
proclaimed its benefits, concerns remain about its safety, 
cost, and efficacy. Reported side effects are uncommon; 
however, precautions are taken to minimize exposure to 
hospital personnel and family. 42 Ribavirin is expensive to 
use, and there is no convincing evidence that its use aids in 
reducing morbidity or mortality. 43 ' 4 '^ Studies that have 


concluded that there is a reduction in the morbidity and 
mortality rate among high-risk patients have been criti- 
cized, with many centers suggesting that the improvement 
was caused by improved supportive care rather than the 
antiviral therapy. 46 For those who support the use of riba¬ 
virin, the majority consider it most beneficial in treating 
extremely ill patients, immune compromised, and those 
requiring mechanical ventilation. Today the role of ribavi¬ 
rin remains controversial, and its use varies significantly 
among clinicians. 

If the patient requires mechanical ventilation, surfactant 
replacement therapy may be a consideration. Multicenter 
trials with animal and synthetic surfactants are being con- 
ducted to test this hypothesis. Currently this is an off-label 
indication and is reserved for the most severe patients. 

RSV spreads rapidly and is transmitted through touch, 
with the virus able to survive on hånds and other surfaces 
(e.g., bed rails, toys). RSV prevention is accomplished by 
strict avoidance of other infected children and careful at¬ 
tention to hånd washing. Disease prevention in high-risk 
patients (e.g., those with BPD or premature birth) can 
best be accomplished by passive immunization with im¬ 
mune serum globulin (RSV-IGIV). This passive immunity 
decreases the incidence of RSV hospitalization by 40% to 
65% and decreases the number of hospital days by 50% 
to 60%. 31;4/ Strict avoidance of air pollutants, especially 
cigarette smoke, assists in the long-term recovery from 
bronchiolitis. 

Prognosis 

The mortality rate of infants in high-risk groups is much 
improved over the past several years. Recurrence of bron¬ 
chiolitis episodes is seen in some patients; however, sub- 
sequent infections are usually much less severe. Studies 
have indicated that many patients have recurrent cough 
and wheezing several years after RSV infection. An in- 
crease in bronchial responsiveness is often found later in 
childhood. 2 ’ 

Primary Ciliary Dyskinesia 
Etiology and Pathophysiology 

Normal cilia beat in a coordinated fashion, effectively pro- 
pelling overlying mucus in one direction out of the airway. 
The upper and lower respiratory tract is cleared of secre- 
tions, inhaled particles, and bacteria. Without the forward 
thrust of the cilia and coordinated ciliary beating, mucus 
transport is slowed and there is an accumulation of parti¬ 
cles, secretions, and bacteria in the dependent portions of 
the lungs. 

In 1933 Kartagener described a unique clinical triad of 
situs inversus, chronic sinusitis, and bronchiectasis. This 
became known as Kartagener syndrome. Subsequent stud¬ 
ies found that these patients had defects in the ultrastruc- 
ture of the cilia that line the mucous membranes of the 
sinus cavities, lungs, and nose. The syndrome was initially 
called immotile cilia syndrome. However, further studies 
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have demonstrated that the cilia in patients with this syn- 
drome are not always immotile but often have uncoordi- 
nated or ineffective cilia motility. 48 The term primary ciliary 
dyskinesia (PCD) is used increasingly today. 

Signs and Symptoms 

Chronic cough, often productive, is the most common 
presenting feature of PCD. It is most apparent early in the 
morning and with sleep and exercise. Although the muco- 
purulent sputum initially clears with antibiotic therapy, 
with age the patient develops increasingly severe airway 
obstruction. Physical findings include persistent crackles, 
although wheezing is relatively uncommon. A chest radio- 
graph may reveal lung hyperinflation and changes consis- 
tent with bronchiectasis. 

Upper respiratory tract infections are common. Persis¬ 
tent nasal congestion, a common presenting feature, may 
progress to chronic nasal drainage with radiographic evi- 
dence of sinusitis. Chronic otitis media, with or without 
chronic effusions, often occurs and requires prolonged use 
of transtympanic ventilation tubes. 48 

A right-to-left reversal of the position of the heart and 
intestinal structures, known as situs inversus, is seen in 
approximately 50% of the patients with PCD. Isolated dex- 
trocardia may also be found. The accepted explanation for 
the association of situs inversus with the ciliary defect is 
that normal rotation of chest and abdominal organs de- 
pends on properly functioning embryonic cilia during 
closure of the thoracic and abdominal cavities. Because 
similar functional defects are found in both mucosal cilia 
and sperm flagella, the abnormal cilia motility affects male 
fertility and males are nearly always sterile. 

Diagnosis 

Diagnosis can be made rapidly by microscopic evaluation 
for ciliary motility in specimens taken from paranasal 
sinuses, nose, or tracheal mucosa. Light and electron mi- 
croscopy of bronchial mucosal cells reveal abnormal cilia 
numbers with abnormal ciliary structures. Patients with 
PCD have defects in the dynein arms, radial spokes, and 
nexin links. Cilia with an inadequate number of out- 
dynein arms may be immotile or may have some disorga- 
nized rigid movement. 49 Absence of radial spokes and 
alteration in the figuration of the microtubules in the cilia 
are other ciliary ultrastructural changes. 50 

Treatment 

Treatment of PCD focuses on reducing the volume of 
pooled respiratory secretions in the lung. Chest physio- 
therapy for airway clearance is essential and is used with 
exercise and aerosolized |3 2 -agonists. Children with PCD 
have evidence of obstructive pulmonary disease. The ob¬ 
struction is best minimized by exercise before physiother- 
apy, instead of relying on (3 2 agonist therapy.’ 1 Because 
cough is one of the few mechanisms available for removing 
secretions, antitussive therapy is contraindicated. 


Nebulized recombinant human DNase (Pulmozyme) is 
indicated for treatment of cystic fibrosis. It reduces spu¬ 
tum viscosity, improves pulmonary function, and results 
in a small reduction in acute respiratory exacerbations. It 
has been found to be beneficial in the treatment of PCD. 
Aerosolized or intravenous antibiotics directed by bacte- 
rial antibiotic sensitivities, in combination with CPT and 
Pulmozyme therapy, are believed to reduce the progression 
of obstructive pulmonary disease. Although rarely neces- 
sary, surgical excision of the pulmonary segments is con- 
sidered when suppurative disease is poorly controlled and 
localized to a single area. 

PNEUMONIA 

Lower respiratory tract infections are a leading cause of 
morbidity and mortality in the pediatric population. They 
most often affect children younger than 2 years of age. 
These children typically experience the greatest number 
of complications. At the University of North Carolina at 
Chapel Hili, Denny and Clyde monitored the number of 
patients treated for pneumonia in their outpatient clinic.’ 2 
Their results trace the incidence and cause of pneumonia 
in specific age groups (Figure 26-11). 

Gram-positive cocci, particularly group B streptococcus 
and S. aureus , along with gram-negative enteric bacilli, are 
the source of most neonatal pneumonias. Children between 
1 month and 5 years of age are the most frequent victims of 
viral pneumonia. RSV and parainfluenza viruses types 1, 2, 
and 3, along with adenovirus, are the most common infec- 
tious viral agents. However, Chlamydia pneumoniae, H. influen- 
zae, S. pneumoniae, and S. aureus are occasional bacterial 
agents in this age group. S. pnemnoniae is the major cause of 
bacterial pneumonia in children older than 5 years, whereas 
M. pneumoniae and C. pneumoniae are more common in 
school-age children and young adults. Box 26-1 lists the 
infectious causes of pneumonia in the pediatric population. 



FIGURE 26-11 Etiology of pediatric lower respiratory tract 
infection in Chapel Hili, NC, by age during an 11 -year period. 
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Box 26-1 


Infectious Causes of Pneumonia 


VIRUSES 

Respiratory syncytial virus 
Parainfluenza types 1, 2, and 3 
Influenza virus 
Adenovirus 
Rhinovirus 
Cytomegalovirus 
Epstein-Barr virus 
Herpes simplex virus 
MYCOPLASMA 

Mycoplasma pneumoniae 
Ureaplasma urealyticum 
BACTERIA 

Streptococcus pneumoniae 
Haemophilus influenzae 
Staphylococcus aureus 
Streptococcus agalactiae 
Legionella pneumophila 
Mycobacterium tuberculosis 
PROTOZOA 

Pneumocystis carinii 
FUNGI 

Histoplasma capsulatum 
Coccidioides immitis 
Candida spp. 

Blastomyces dermatitidis 
Cryptococcus neoformans 
RICKETTSIAE 

Coxiella burnetii (Q fever) 
CHLAMYDIA 

Chlamydia pneumoniae 
Chlamydia trachomatis 
Chlamydia psittaci 
PARASITES 
• Ascaris lumbricoides 


Viral Pneumonia 

Respiratory Syncytial Virus 

Nearly 80% of all pneumonias in the pediatric population 
have a viral etiology, with RSV occurring most often. RSV 
commonly affects children younger than 2 years old, 
although it has been found in older immunocompromised 
children or in children with chronic lung disease. Out- 
breaks occur annually during the winter and are rarely 
seen during the spring and summer. RSV often causes 
bronchiolitis, but pneumonia can develop. 53 

The first symptoms noted are usually coryza and nasal 
congestion, followed by cough, fever, and malaise. Retrac- 
tions, nasal flaring, tachypnea, wheezes, and rhonchi are 
common. The chest radiograph typically shows hyperin- 
flated lungs with patchy infiltrates and/or atelectasis (most 
often involving the right upper lobe). Dehydration can de¬ 
velop as a result of tachypnea, cough, and decreased feeding. 

Diagnosis is confirmed with rapid immunofluorescent 
detection of RSV antigen in nasal washings or enzyme-linked 


immunosorbent assays of nasal secretions. Test methods are 
relatively inexpensive. 

Aerosolized ribavirin is an antiviral agent that may be 
used to treat the infection; however, its use remains con- 
troversial. Hypoxemia and hypercarbia are complications 
of RSV pneumonia and may mandate supplemental oxy¬ 
gen for an extended period. Supportive care is aimed at 
monitoring the severity with pulse oximetry and arterial 
biood gas analysis. Patients may experience progressive 
hypoxemia and respiratory failure, necessitating intuba- 
tion and mechanical ventilation. There may be further 
progression to advanced respiratory failure, in spite of 
maximal ventilatory support. Those patients may require 
extracorporeal membrane oxygenation (ECMO). Patients 
thought to have a less than 20% chance of survival without 
ECMO have a nearly 60% chance of survival with ECMO. 54 

Parainfluenza Virus Types 1, 2, and 3 

The parainfluenza viruses are the second-most common 
cause of LTB and pneumonia. Type 3 is the most common 
cause in children younger than S years of age and occurs 
year round with no seasonal peak. Clinical presentation is 
similar to that described for RSV. Chest radiographs typi¬ 
cally reveal patchy or interstitial infiltrates. Diagnosis is 
confirmed with rapid antigen testing or viral isolation 
from a nasal washing. Therapy is supportive, with supple¬ 
mental oxygen and additional hydration provided as 
needed. Parainfluenza virus is not to be confused with in¬ 
fluenza virus, which has a very narrow seasonal peak. 

Influenza Virus 

Although influenza virus may cause pneumonia, it occurs 
predominantly in the very young and very old patient. 
Yearly epidemics occur during the late winter and early 
spring. Clinical symptoms consist of rapidly developing 
fever, malaise, and myalgia. Duration of the illness is usu¬ 
ally shorter than that of RSV and the parainfluenza 
viruses. Although rarely occurring, a rapid pneumonia 
may result in death within 2 days of onset. Diagnosis and 
treatment are similar to that of RSV and parainfluenza 
virus infections. Vaccines are provided annually and are 
recommended for those high-risk children with chronic 
cardiopulmonary and immunologic disorders. Chest ra¬ 
diographs typically reveal interstitial or patchy alveolar 
infiltrates. 

Adenovirus 

Although it occurs year round, adenoviral pneumonia is 
most often seen in the late summer and early fall. It occurs 
most often in children younger than 2 years of age. It is 
easily confused with bacterial illnesses because it mimics 
their symptomatology: rapid onset, high fever, leukocyto- 
sis, and chest radiograph consistent with pneumonia. 
Additional findings may include lymphadenopathy and 
conjunctivitis. A chest radiograph reveals patchy or inter¬ 
stitial infiltrates. 
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Certain adenoviral types (i.e., 3, 7, 21) are associated 
with a high mortality rate because of the overwhelming 
sepsis and cardiovascular collapse that occurs. Diagnosis is 
confirmed with rapid antigen testing or viral isolation 
from a nasal washing. Therapy is supportive, and no spe- 
cific treatment is available. Close monitoring for bacterial 
superinfection is suggested. New viruses are being isolated, 
and their implications will become clearer over time. 
One example is the human metapneumovirus, identified 
in 2001. 

Bacterial Pneumonia 

Incidence 

Although the incidence of bacterial pneumonia is less than 
that of viral pneumonia, it has a higher mortality rate. 
It may occur as a secondary problem to a primary viral 
pneumonia, as is often seen with pneumonia from influ¬ 
enza virus. Certain other factors known to increase the risk 
of bacterial pneumonia include compromised immune 
function, recurrent aspiration from gastroesophageal re- 
flux, malnutrition, day-care attendance or school-aged sib- 
ling, exposure to passive cigarette smoke, and congenital 
abnormalities of the airway (e.g., tracheoesophageal fis- 
tula). Bacterial pneumonia is seen throughout the year, 
with a peak incidence in the winter and early spring. 

Etiology 

Bacterial agents that cause pneumonia vary considerably 
throughout the pediatric age group. In the neonatal patient, 
the offending bacteria are most often contaminants from 
the mother’s genital tract and include group B streptococcus, 
Escherichia coli, Listeria monocytogenes, and Chlamydia trachoma- 
tisd^ Infants older than 4 to 6 weeks tend to develop pneu¬ 
monia from S. pneumoniae, H. influenzae, and S. aureus. Less 
likely organisms include Bordetella pertussis, M. pneumoniae, 
and C. pneumoniae. 

Bacterial pneumonia develops when the intrinsic host 
defenses are decreased, either by another disease process 
(e.g., viral infection) or when the anatomical protective 
mechanisms are destroyed (e.g., primary ciliary dyskine- 
sia). Therefore, any microorganism colonizing the upper 
respiratory tract has the potential to cause pneumonia if 
it evades these defenses. 

Signs and Symptoms 

There are no symptoms that distinguish a bacterial pneu¬ 
monia from a viral pneumonia in children, although chil- 
dren with bacterial pneumonia tend to present with more 
severe symptoms of fever and distress. Prodromal symp¬ 
toms are often nonpulmonary and include headache, fever, 
malaise, and abdominal pain. Productive cough, with spu- 
tum often swallowed, and chest pain during inspiration 
(pleuritic pain) are common complaints. Physical examina- 
tion usually reveals nasal flaring, accessory muscle use, in- 
tercostal and subcostal retractions, tachypnea, and shallow 
breathing. Crackles, decreased breath sounds, increased 


fremitus, and dullness to percussion are often found during 
auscultation and examination of the chest. 56 

Diagnosis 

The chest radiograph is an important diagnostic tool 
when evaluating a child with suspected bacterial pneumo¬ 
nia. Although bacterial pneumonia is commonly mani¬ 
fested as an alveolar consolidation, lobar and interstitial 
infiltrates are often found as well as pleural effusion. It has 
been suggested that certain radiographic Åndings vary 
among the various bacterial agents involved and may help 
determine the etiology.'’ 7,58 

An elevated total band count (>1500 total bands) is 
common in the presence of bacterial pneumonia. Increased 
C-reactive protein levels and erythrocyte sedimentation 
rates provide supporting, albeit not specific, evidence of 
inflammation. Biood culture is the most helpful test to 
give absolute confirmation of bacterial disease, but it is 
only positive in 25% of patients with S. pneumoniae pneu¬ 
monia and 33% of patients with S. aureus pneumonia. 
Similarly, the latex particle agglutination and countercur- 
rent immunoelectrophoresis studies are insensitive in 
most cases of pneumonia. When pleural fluid is present 
in signiflcant quantities, sampling for Gram stain and cul¬ 
ture will yield specific bacterial diagnosis in 65% to 80% of 
patients. Bronchoalveolar lavage fluid obtained during a 
bronchoscopy can be used for atypical presentations. Lung 
tissue may be obtained for culture through an open-lung 
biopsy, transthoracic needle aspiration biopsy, or percuta- 
neous lung puncture. 

Precise microbiological diagnosis is not always obtained 
even though bacterial pneumonia is suspected. There are 
several reasons why clinicians may take an empirical ap¬ 
proach to treatment. Many of the diagnostic procedures 
are much too invasive for any but the sickest patients. 
Some procedures use instruments (e.g., bronchoscope, 
suction catheter) that pass through the contaminated 
pharynx or upper airway. Although it is difficult to obtain 
a sputum specimen in children younger than 8 years of 
age, when it is obtained the flora in the upper airway con- 
taminates the sputum, making the diagnosis questionable. 

Treatment 

Standard initial treatment of bacterial pneumonia varies 
considerably according to the patient’s age and immuno- 
logical status, time of year, and local antibiotic sensitivity 
patterns. The need for hospitalization is often determined 
by the severity of the symptoms. When the cause is identi¬ 
fied, antimicrobial therapy is determined and is usually 
given for 7 to 14 days by the parenteral route, although the 
clinical symptoms and history of underlying disease often 
guide empirical therapy. Neonatal pneumonia is routinely 
treated with intravenous antibiotics. The patient is moni¬ 
tored with pulse oximetry and arterial biood gas analysis 
when indicated. Supplemental oxygen is provided if hy- 
poxia occurs and mechanical ventilation is provided if there 
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is respiratory failure. The role of chest physiotherapy in the 
treatment of pneumonia is debated, with some clinicians 
doubting its efficacy. 

Streptococcus pneumoniae 

The most common cause of bacterial pneumonia is the 
pneumococcusd The clinical picture differs with age. The 
infant presents initially with a sudden fever and diarrhea or 
vomiting. Signs of respiratory distress, including nasal flar- 
ing, tachypnea, grunting, and retractions, appear along 
with restlessness and cyanosis. The classic clinical presenta¬ 
tion of the older child is that of rapid-onset respiratory 
distress, high fever, shaking chilis, headache, pleuritic pain, 
and cough with rust-colored sputum. The chest radiograph 
usually reveals lobar or segmental alveolar consolidadon, 
which may be accompanied by a pleural effusion or empy- 
ema. Sputum reveals sheets of gram-positive diplococci and 
many white biood cells. The clinical diagnosis can be made 
based on these findings. However, in reality the clinical 
presentation is rarely this clear and treatment of suspected 
bacterial pneumonia includes pneumococcal coverage. 

Pneumococcal pneumonia can be rapidly fatal without 
appropriate therapy. Penicillin is the antibiodc of choice; 
erythromycin is used in the penicillin-allergic individual. 
Although penicillin resistance in the United States is rare, 
it is increasingly common in Europe and Africa. Therefore 
treatment should be guided by antibiodc susceptibilities 
when an organism is recovered. Other antibiotics that have 
successful activity against S. pneumoniae include cephalo- 
sporins, chloramphenicol, clindamycin, and vancomycin. 

Haemophilus influenzae 

Before the use of vaccination against serotype b, this gram¬ 
negative rod was a common cause of pneumonia in chil- 
dren. Infection occurs most often in children younger 
than S years of age. The chest radiograph is highly variable 
and can exhibit any pattern from a bronchiolitic-type pic¬ 
ture with hyperinflation to patchy infiltrates to segmental 
or lobar consolidadon. Pleural effusion is present in about 
one third of the patients. Positive biood culture results 
or positive results on urine antigen screens confirm diag¬ 
nosis. Empirical therapy is usually with a cephalosporin. 
Other potentially therapeutic drugs effective against all 
H. influenzae isolates include trimethoprim-sulfamethoxa- 
zole, clarithromycin, azithromycin, chloramphenicol, and 
amoxicillin/clavulanate. 

Staphylococcus aureus 

Pneumonia caused by S. aureus (“staph”) is a virulent, ag¬ 
gressive disease that can be rapidly fatal, particularly in 
infants younger than 1 year of age. This organism is com- 
monly found on the skin and mucosa, with 20% to 30% of 
the population carrying bacteria in the nose. Pneumonia is 
often seen in debilitated patients who often have associ- 
ated skin infections. It is common to have a history of an 
antecedent viral infection, particularly influenza.''' 1 


The severity of clinical symptoms varies, with the 
typical presentation being an upper respiratory tract 
infection, fever, cough, and respiratory distress. The 
clinical course in the neonate is often rapidly progres¬ 
sive and is associated with a high mortality rate shortly 
after the onset of symptoms. The chest radiograph usu¬ 
ally reveals large consolidation that can progress rapidly 
to a “whiteout” of the lung. Pleural effusion and empy- 
ema as well as a pneumothorax often complicate the 
clinical picture. While resolving, areas of consolidation 
often progress to pneumatoceles, which are round, air- 
filled areas of lung destruction that are easily visible on 
the radiograph. The pneumatoceles may contain fluid 
and change rapidly in number and size, leading to a 
mediastinal shift. 

Diagnosis is by positive biood, skin abscess, or pleural 
fluid culture results. Therapy is with antistaphylococcal 
penicillins such as nafcillin and oxacillin. Susceptibility 
testing is imperative to exclude the possibility of methicil- 
lin-resistant S. aureus spreading throughout the general 
community, which requires treatment with vancomycin. 

Atypical Pneumonia 

The major pathogens of pneumonia that are commonly 
missed by the tests listed previously cause atypical pneumo¬ 
nia. In the neonate, those agents include the uncommon 
viral diseases of rubella, varicella-zoster, and cytomegalovi- 
rus and the even rarer nonbacterial agents Toxoplasma, 
Treponema pallidum, and C. trachomatis. In the older child, 
M. pneumoniae, C. pneumoniae, and M. tuberculosis cause atyp¬ 
ical pneumonia 

Mycoplasma pneumoniae 

M. pneumoniae commonly causes a community-acquired 
pneumonia that is seen year-round but peaks in the late 
summer and early fali. Although it occurs in all age groups, 
it is most often a disease of school-aged children and 
young adults. 60 

The incubation period is 2 to 3 weeks, and it presents as 
a viral upper respiratory infection. Clinical onset is insidi- 
ous, with a gradual development of malaise, fever, and 
cough, which are the most prominent symptoms. Cough is 
nonproductive or productive with blood-tinged sputum. 
Chilis, pharyngitis, headache, nausea, vomiting, diarrhea, 
and chest pain are also associated with this infection. 
Crackles are heard most often during auscultation, with 
occasional wheezing, although there may be no abnormal 
findings at the beginning of the illness. The clinical and 
radiographic findings are often out of proportion with the 
clinical severity; hence the common lay description of 
“walking pneumonia” is often applied to this infection. 
The chest radiograph usually reveals bronchopneumonia 
with patchy infiltrates. 61,62 The complete biood cell count 
is usually normal; however, a cold hemagglutinin assay 
with riters of 1:64 is highly suggestive of infection with 
M. pneumoniae. 


CHAPTER 26 • Pediatric Airway Disorders and Parenchymal Lung Diseases 


525 


Without treatment, the illness resolves in 2 to 4 weeks. 
Oral erythromycin for 10 to 14 days provides optimal 
therapy, and the patient usually becomes afebrile within 
48 hours. Azithromycin has also shown efficacy and is 
widely used as a S-day therapy course. 63 

Chlamydia pneumoniae 

Infected respiratory droplets most likely transmit C. pneu¬ 
moniae. Primary infection occurs most often in school- 
aged children and young adults. 64 Only a small portion 
of patients infected are clinically symptomatic, yet some 
patients experience severe illness leading to death. Most 
infections with C. pneumoniae are mild and commonly 
coincide with other bacterial pathogens. Illness is charac- 
terized by pharyngitis, followed several days later with 
cough. Fever is often present early in the illness but does 
not persist. Wheezing is often heard on auscultation. 
In faet, this infection has a strong correlation with recent- 
onset asthrna. 65,66 

Host factors appear to influence the severity of this ill¬ 
ness. Immunocompromised patients with the acquired 
immunodeficiency syndrome, malignancy, primary im¬ 
mune deficits, and sickle cell disease may have severe or 
frequent infections. C. pneumoniae is a common cause of 
acute chest syndrome in children with sickle cell disease 
and may also act as a trigger for acute asthrna. 6 

C. pneumoniae is difficult to isolate, even in tissue cul- 
ture, and requires special handling of the culture sample. 
Because of the long delay in serological diagnosis, empiri- 
cal antibiotic therapy is commonly employed. Infection 
with C. pneumoniae is treated with tetracycline or erythro¬ 
mycin for 10 to 14 days, although a prolonged course of 
21 days is not uncommon. 

Ventilator-Associated Pneumonia 

A patient who is receiving mechanical ventilatory support 
is at risk of developing pneumonia. New onset of pulmo- 
nary infiltrates can occur, stemming from a multitude of 
causes including atelectasis, infection, spontaneous or 
catheter-related pulmonary emboli, or acute lung injury. 
The pathogenesis appears to involve the microaspiration 
of oropharyngeal organisms. Clinical and radiographic 
criteria for diagnosing ventilator-associated pneumonia 
are unreliable. 

The development of ventilator-associated pneumonia 
(VAP) inereases hospitalization stay by 30% but does not 
change mortality rates. In pediatric patients undergoing 
mechanical ventilation, polymicrobial aerobic and anaero- 
bic floras are isolated from pulmonary specimens. Pre- 
dominant aerobic bacteria are Pseudomonas aeruginosa and 
Klebsiella pneumoniae; the predominant anaerobic bacteria 
are Prevotella, Porphyromonas, Peptostreptococcus; Fusobacte- 
rium, and Bacteroides fragilis. 68 

To better establish the diagnosis of VAP, Gram stain 
of bronchoalveolar lavage fluid is obtained through a 
fiberoptic bronchoscope. Bronchoalveolar lavage fluid 


is considered positive for VAP when the following condi- 
tions occur: 

1. Polymorphonuclear neutrophils are greater than 25 per 

optic held at a magnification X100 

2. Squamous epithelial cells are less than 1% 

3. One or more microorganisms are seen per optic held at 

a magnification of 1:1000. 

Gram stain of bronchoalveolar lavage fluid is 77% sensi¬ 
tive and 87% specific with a positive predictive value of 
71% and a negative predictive value of 90%. 69 Although 
bronchoalveolar lavage samples acquired through bron- 
choscopy are used to diagnose VAP, quantitative cultures 
of endotracheal aspirates are easier and less expensive to 
obtain. Persistence of significant numbers of pathogens in 
quantitative cultures of endotracheal aspirates occurred in 
82% of the samples. This quantitative culture of endotra¬ 
cheal aspirates is reproducible and may be useful in the 
diagnosis of VAP.'" 

Multiple forms of therapy have been attempted to 
minimize the risk of developing VAP, including routine 
hånd washing, closed airway suctioning, oral care, and el- 
evating the head of bed. Some studies suggest that the use 
of heat and moisture exchangers is a cost-effective clinical 
practice associated with fewer late-onset hospital-acquired 
VAPs and results in improved resource allocation and uti- 
lization. 1 However, other studies conclude their use does 
not affeet the frequency of VAP and could potentially lead 
to mueus hardening." Decreasing the frequency of venti¬ 
lator circuit changes from three times per week to once per 
week had no adverse effeet on the overall rate of VAP, thus 
prompting institutions to change ventilator circuits as 
needed and convincing the majority of experts that the 
ventilator has nothing to do with VAP. 3 In faet, some ex¬ 
perts are calling for a name change, suggesting that this 
phenomena be called endotracheal tube-associated pneu¬ 
monia (EAP) because it appears that the ETT has more to 
do with VAP than the ventilator. Scheduled changes in 
antibiotic class for empirical treatment of VAP have been 
demonstrated to lower the incidence of bacteremia associ¬ 
ated with antibiotic-resistant gram-negative bacteria. 

TUBERCULOSIS 
Incidence and Etiology 

Tuberculosis (TB) is the most common infeetious cause 
of death throughout the world. Although the frequency 
declined in the 1980s and early 1990s, the disease is again 
inereasing in incidence and severity. 74 ’'" It is a chronic bac¬ 
terial disease caused by infection with M. tuberculosis. This 
organism is a very hearty and virulent bacterium that re- 
sists inactivation by drying, heat, and sunlight. Patients 
infected with M. tuberculosis are usually medically under- 
served, poverty stricken, or immunocompromised. Most 
children do not develop clinical disease unless disease 
resistance declines as a result of malnutrition, fatigue, or 
chronic illness/ 6 
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Transmission 

Transmission is airborne, occurring through the inhalation 
of viable respiratory droplets in an enclosed space (e.g., room, 
hospital). The pathogen is rapidly killed by ultraviolet light 
in the outside air. The household contact for an infant or 
child is usually an adult; rarely is there child-to-child trans¬ 
mission. The incubation period lasts from 2 to 10 weeks, 
at which time a skin test becomes positive, manifesting a 
delayed-type hypersensitivity (Box 26-2). 

Signs and Symptoms 

Most infants and children who become infected with 
M. tuberculosis never develop TB and remain asymptomatic. 
They may continue with few if any clinical symptoms 
or may manifest nonspecific signs of fever, weight loss, 
and failure to thrive. Most patients develop cough and 
wheezing, with crackles and rhonchi heard in some cases. 
Chest radiography in these individuals reveals focal or 
diffuse infiltrates. Many cases of pulmonary infection 
with M. tuberculosis are caused by reactivation and are 
characterized by focal findings on chest radiography in a 
patient with chronic respiratory and systemic symptoms. 

Diagnosis 

Diagnosis in the adult is based on identification of stains 
of gastric or respiratory washings that have bacteria 
uniquely resistant to acid decoloration (“acid fast”). In 
children, because of the low number of bacilli, 3 consecu- 
tive days of gastric washings may increase the sensitivity 
of this test. More commonly, the diagnosis of TB is based 
on a positive skin test (Mantoux skin test) in a patient 
with an appropriate clinical picture and radiographic 
findings. 6,76,7 ' Proper interpretation of these skin tests is 
critical and is based on the probability of disease using a 


Box 26-2 


Cutoff Size of Induration for Positive 
Mantoux Tuberculin Skin Test 


= 5 MM 

• Contacts of infectious cases 

• Abnormal chest radiograph 

• HIV-infected and other immunosuppressed patients 

= 10 MM 

• Foreign-born persons from areas of high prevalence 

• Low-income populations 

• Residents of prisons, nursing homes, institutions 

• Intravenous drug users 

• Other medical risk factors 

• Health care workers 

• Locally identified high-risk populations 

• Infants 
= 15 MM 

• No risk factors 

HIV, Human immunodeficiency virus. 

Modified from Starke JR, Jacobs RF, Jereb J. Resurgence of tuberculosis 
in children. JPediatr 1992;120:839. 


combination of risk factors, clinical findings, and the size 
of induration resulting from the skin test (see Box 26-2). 
Differential diagnosis includes asthma, foreign body aspi¬ 
ration, tumors, sarcoidosis, and all pulmonary pathogens. 

Treatment 

Treatment of TB in children focuses on early diagnosis, 
identification of the primary case that spread the disease to 
the child, and long-term antituberculosis medications. For 
the patient with active disease, multiple medications are 
indicated for an extended period. These include isoniazid, 
rifampin, pyrazinamide, and ethambutol. Corticosteroid 
therapy can be safely used in conjunction with antitubercu¬ 
losis drug therapy to lower the inflammatory response to 
the infection, reduce the size of enlarged lymph nodes, 
and accelerate the resorption of fluid when a large pleural 
effusion has developed. 


CASE STUDY 5 


A 13-month-old infant, born premature at 24 weeks of gesta- 
tion, with resolving BPD is brought to his pediatrician for a 
2-day history of decreased appetite, runny nose, and increased 
cough. It is February. His oxygen saturation, vital signs, and 
examination are unremarkable and the decision is made to 
discharge him home with close follow-up. Two days later his 
oxygen requirement is up to 1 L/min O 2 via nasal cannula (from 
0.25 L/min O 2 via nasal cannula), and he exhibits increased 
respiratory distress. Oxygen saturation is decreased to 80% and 
he is afebrile. He is admitted to the hospital with decreased 
oral intake and respiratory distress. A rapid RSV test is positive, 
and his chest radiograph shows infiltrates in the right middle 
lobe and the left upper lobe. 

What is the likely diagnosis? What therapy would you 
recommend? 


See Evolve Resources for answers. 


RSV infections demonstrate the difficulty of distin- 
guishing between bacterial and viral pneumonias. In the 
case of a child with underlying lung disease, such as BPD, 
this may lead to a more conservative and widespread use of 
antibiotics. Multiple studies in the recent literature have 
established the importance of neutrophils in many respi¬ 
ratory diseases, including RSV bronchiolitis, 78, 9 and at- 
tempted to use bronchoalveolar lavage (BAL) samples and 
cell count as a clinical marker in conjunction with cul- 
tures. 80 They have demonstrated the predominance of 
neutrophils in viral infections of the airway and other lung 
diseases. 81,82 More interesting is the observation that neu- 
trophilic inflammation can be correlated to the extent of 
lung injury. 83 Currently we lack a medical treatment tar- 
geting neutrophils in the airway, but the development 
of such treatments is under way. It remains to be seen 
how effective they might be in the treatment of RSV, bron¬ 
chiolitis, and similar pulmonary diseases associated with 
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neutrophilic inflammation and if BAL examination has a 
future value in the routine testing of pediatric patients 
with lung diseases. 

SICKLE CELL DISEASE 
Incidence and Etiology 

Sickle cell disease is an autosomal-recessive inherited 
disorder of the hemoglobin structure and is the most com- 
mon inherited disease of the African-American popula¬ 
tion. Defective hemoglobin S converts from a soluble he¬ 
moglobin molecule contained in the red cells to a 
gelatinous State in the presence of low oxygen, low pH, 
rapid temperature changes, or hypernatremic dehydration. 
This gelatinous State causes the red cells to “sickle,” result¬ 
ing in a variety of complications, including acute chest 
syndrome, cardiomegaly and left ventricular failure, sple- 
nectomy, and renal disease. Pulmonary complications are 
the primary cause of illness and death in patients with 
sickle cell disease. 84,85 

Pathophysiology 

A complex interaction between the abnormal cells and 
vascular endothelium results in a hypercoagulable State. 
Recent reports indicate that high levels of endothelin-1, 
an endothelial-derived vasoactive mediator, are present 
during a vasoactive crisis. An abnormality of the vascular 
endothelium may contribute to the development of acute 
chest syndrome. The red biood cells are more rigid, result¬ 
ing in increased viscosity of biood, which causes plugging 
of the biood vessels. 

The pulmonary effects that occur most often in pa¬ 
tients with sickle cell disease include pneumonia, acute 
chest syndrome, pulmonary vascular injury, pulmonary 
infarction, and sickle cell chronic lung disease. Bacterial 
pneumonia is a common cause for hospitalization, and 
pulmonary vascular injury can cause sudden death if the 
occlusion is in a large vessel. 

Signs and Symptoms 

Acute chest syndrome is the leading cause of death in 
sickle cell disease and presents as pleuritic or chest wall 
pain and dyspnea. The chest radiograph often reveals pul¬ 
monary infiltrates, often located in the lower lobes, as well 
as atelectasis and pleural effusion. Young children, ages 2 
to 4 years old, who present with acute chest syndrome have 
fever, cough, and a negative physical examination, with 
little or no pain. Adults are often afebrile, complaining 
of severe dyspnea, chilis, and severe pain along the ribs, 
sternum, abdomen, and back. 86 

Reports in the 1970s suggested that sickle cell disease 
was caused by a bacterial infection; however, more recent 
studies suggest that bacterial infection is found in only 3% 
to 14% of patients, whereas Mycoplasma and/or Chlamydia 
infections are found in approximately 15%. Children 
younger than 5 years of age tend to have a milder disease 


course that is usually triggered by infection. Risk of death 
is four times higher in adults with acute chest syndrome 
than in children and most likely related to the higher inci¬ 
dence of fat embolism from bone marrow infarction. 
Aplastic crisis in young children with sickle cell disease 
is typically associated with acute human parvovirus B19 
infection. Infection with this pathogen may also be related 
to acute chest syndrome. 87 

Pneumonia and pulmonary infarction can occur sim- 
ultaneously and are sometimes difficult to differentiate. 
Fever and chilis are seen more often with pneumonia, with 
fever resolving slowly. Acute pulmonary symptoms with 
tachypnea and pleuritic chest pain are more suggestive of 
pulmonary infarction. In some cases, pneumonia causes 
hypoxemia that leads to pulmonary infarction. 88 

Sickle cell chronic lung disease occurs most often dur¬ 
ing the teenage years and may develop after multiple epi¬ 
sodes of acute chest syndrome. Hypoxemia is present as a 
result of pulmonary fibrosis and a reduction in diffusion 
and pulmonary perfusion. Parenchymal lung injury and 
an increase in pulmonary vascular resistance cause pro¬ 
gressive dyspnea and cor pulmonale. Diffuse interstitial 
markings and edema are common Åndings on the chest 
radiograph. 5,87,89 

Treatment 

Empirical therapy includes antibiotics for gram-positive 
encapsulated organisms of Streptococcus, Staphylococcus, 
and Salmonella. Erythromycin is used to provide coverage 
for the pathogens M. pneumoniae and C. pneumoniae. An¬ 
tibiotics are quickly instituted because the infections, 
especially a pneumococcal pneumonia, can become life 
threatening. 88 

Adequate hydration is an essential therapeutic modal- 
ity and is used cautiously to avoid pulmonary edema. 
Red biood cell transfusions are provided to improve the 
hemoglobin’s ability to transport oxygen and reduce the 
incidence of acute chest syndrome, myocardial ischemia, 
and sickle cell chronic lung disease. Aerosolized bron- 
chodilators for bronchiole constriction, incentive spi- 
rometry, and adequate pain control can be important 
adjuvants. Supplemental oxygen is used when indicated, 
but depending on the case can foster additional sickling. 
In cases of impending respiratory failure, mechanical 
ventilation is instituted. 90,91 Successful treatment of 
acute chest syndrome with venovenous ECMO is re¬ 
ported in patients experiencing life-threatening acute 
chest syndrome despite maximum conventional ventila¬ 
tion support. 92 

A new experimental approach is to treat acute chest 
syndrome with inhaled nitric oxide. This idea is based on 
an abnormality discovered in the nitric oxide metabolism 
in sickle cell patients. The theory is that the nitiric oxide 
might prevent the adhesion of sickle erythrocytes to the 
endothelial. At this time it is under clinical investigation 
and used only in those settings. 
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Prevention 

Acute Chest Syndrome 

The treatment of recurrent acute chest syndrome is aimed 
at preventing repeated vascular and parenchymal insults, 
which constitute the greatest risk for the development of 
sickle cell chronic lung disease. Chronic transfusion pro¬ 
grams aim to decrease the sickle cell amount to less than 
30%, a level that will prevent recurrence of acute chest syn¬ 
drome. The risks involved are transfusion-associated infec- 
tions and iron overload. Hydroxyurea was shown to be 
clinically effective in reducing acute chest syndrome recur¬ 
rence and vaso-occlusive crises by 50%, but the long-term 
effects of this treatment are uncertain and frequent pe- 
ripheral biood count monitoring is necessary. Antibiotic 
prophylaxis with penicillin is recommended for patients 
between 4 months and 3 years of age, as well as routine 
polyvalent pneumococcal vaccine for children and adults. 

RECURRENT ASPIRATION 
SYNDROME 

Etiology 

Neurologically impaired patients, those with abnormal 
anatomy of the gastrointestinal tract or airways, and pa¬ 
tients with gastroesophageal reflux are often diagnosed 
with recurrent aspiration syndrome. The patient aspirates 
respiratory secretions and/or stomach contents. The low 
pH of the stomach contents results in a Chemical pneumo¬ 
nitis and inflammatory response in the airways. The 
patients and their families suffer through multiple hospi- 
talizations for pneumonia and airway hyperreactivity. 
Children who are treated for frequent asthma exacerba- 
tions, yet have negative responses to allergens, benefit from 
evaluation for recurrent aspiration. Infants with gastro¬ 
esophageal reflux are at particular risk for pneumonia. 91 

Diagnosis 

Diagnosis is based on clinical and radiographic findings. 
Barium swallow may reveal a tracheoesophageal fistula or 
other malformation that requires surgical intervention. 
Bronchoscopy with bronchoalveolar lavage can reveal 
pathogens normally found in the gastrointestinal tract as 
well as provide visual confirmation of inflamed airways. 94 

Treatment 

The cause and severity of the disease determine treatment. 
Fundoplication, a surgical tightening of the gastroesophageal 
junction, may alleviate gastroesophageal reflux. Appropri- 
ate antibiotic coverage is necessary to control infection. 
Inhaled corticosteroids are indicated to control and reduce 
the airway damage that occurs from chronic inflamma¬ 
tion. Prevention of recurrent aspiration is paramount to 
obtaining a long-term, positive outcome. Prognosis in 
uncontrolled recurrent aspiration syndrome is guarded 
because of the chronic reinjury of the respiratory paren- 
chyma. 95 Respiratory and cardiac insufficiency may develop 


over time. Accurate and early diagnosis, prevention, and 
prophylaxis may reduce the severity of the injury and im- 
prove the patient’s quality of life. 


KEY POINTS 


• Establishment ofan artificial airway in patients with 
epiglottitis is the first priority and should be provided 
in the safest place possible. It is often done in the 
operating room with surgical assistance on standby. 

• Patients with upper airway obstructions tend to have 
normal lung compliance and function. Improper 
ventilator management can complicate drastic 
measures such as intubation or tracheostomy. 

• Because crying can cause additional respiratory 
distress in patients with upper airway disorders, it is 
imperative that you keep parents involved to reduce 
stranger anxiety or irritability. 

• Most airway disorders and lung diseases can be 
classifted into four pathological categories: obstructive, 
restrictive, infectious, and vascular. Some patients have 
a combination of diseases, but understanding the 
primary culprit can assist with choosing the most 
appropriate therapy. 



ASSESSMENT QUESTIONS 


See Evolve Resources for the cmswers. 

1. Where do you find the narrowest portion of the pediatric 
airway that may compromise endotracheal intubation? 

A. Vocal cords 

B. Oropharynx 

C. Cricoid cartilage 

D. Epiglottis 

E. Trachea 

2. What is not a sign of respiratory distress in an infant? 

A. Nasal flaring 

B. Retractions 

C. Irritability 

D. Lethargy 

E. Crying 

3. A child presents with high fever; severe sore throat; 
dysphagia with drooling; cough, progressing rapidly 
over a few hours to stridor; muffled (“hot potato”) voice 
without hoarseness; air hunger; and cyanosis. Severe 
intercostal retractions, along with nasal flaring, brady- 
pnea, and dyspnea, are present. The child assumes a 
characteristic position of sitting upright with the chin 
thrust forward and the neck hyperextended in a tripod 
position. Bacterial epiglottitis is suspected. What is the 
next necessary action? 

A. Visualize the upper airway 

B. Obtain upper airway radiographic imaging 

C. Call supporting services 

D. Lay the child flat and provide flow-by oxygen 

E. Secure an intravenous line for sedation 
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4. What is the right estimated ETT size for a 6-year-old 
boy, using a cuffed ETT? 

A. 4 

B. 4.5 

C. 5 

D. 5.5 

E. 6 

5. You are in a restaurant and the child at the table 
next to you starts to cough violently. He is 5 years 
old and was eating French fries when he suddenly 
turned red, started to cough, and fell to the floor. 
His parents are nervously patting his back and try 
to lift him up from the floor. What intervention 
needs to be done? 

A. Perform the Heimlich maneuver 

B. Open his airway with the tongue-jaw lift 

C. Finger swipe the oropharynx 

D. Leave the child on the floor and monitor 

E. Push the parents out of the way and perform 
efficient back blows 

6. What is a bronchiectasis? 

A. Irreversible dilation of the bronchial tree 

B. Pus accumulation in the airway 

C. The airway immediately placed before an 
emphysema 

D. Only found in cystic fibrosis patients 

E. Restrictive lung disease 

7. Which infant is especially at risk for severe or 
life-threatening RSV bronchiolitis infections: an 
infant with BPD, a premature infant, an infant with 
congenital cardiac disease, immune-compromised 
children, or an oncology patient? 

A. Immune-compromised children 

B. Premature infant 

C. Infant with congenital heart disease 

D. Infant with BPD 

E. All of the above 

8. What combination of pneumonia to causative 
pathogen is incorrect? 

A. Viral pneumonia; parainfluenza virus type 3 

B. Bacterial pneumonia; Escherichia coli 

C. Atypical pneumonia; Mycoplasma pneumoniae 

D. Bacterial pneumonia; Streptococcus pneumoniae 

E. Atypical pneumonia; MRSA 

9. Which signs suggest acute chest syndrome in a 
patient with sickle cell disease? 

A. Fever 

B. Rib pain 

C. Pleuritic pain 

D. Tachypnea 

E. All except B 

10. The major culprit for ventilator-associated pneumonia 
(VAP) appears to be what? 

A. Ventilator tubing 

B. Ventilator circuit 

C. Endotracheal tube 

D. Droplet transfeetion from hospital personnel 

E. Routine antibiotic usage 
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LEARNING OBJECTIVES 


After reading this chapter the reader will be able to: 

1. Explain the pathophysiology of asthma 3. Identify the five components of asthma 

2. Treat asthma from an evidence-based approach 4. Explain how to improve the efficacy of the medications 

we use to treat asthma 



Asthma Asthma triggers Corticosteroids 

Asthma action plan (3 2 agonist Reactive airway disease 

Asthma education 


Asthma is the most common chronic childhood disease, 
affecting more than 20.5 million persons, 6.5 million of 
whom are children. Approximately 7.7% of children in the 
United States have asthma. It is the most common reason 
for pediatric hospitalizations and the most common cause 
of absence from school. Hospitalization rates have re- 
mained stable over the past 10 years, but this has not been 
consistent through all childhood age groups. The highest 
incidence of asthma occurs in children 4 years of age 
or younger. 1 Although the number of asthma patients has 
climbed, the death rate is decreasing. Improvements in 
the science behind asthma care have led to increased 


awareness among patients and physicians about the 
disease’s underlying causes, but widespread misunder- 
standing still exists. A survey called “Children and Asthma 
in America” found that most respondents incorrectly 
believed that only the symptoms of the disease should be 
treated as opposed to the underlying cause of the disease. 
Ninety-three percent of the respondents could not cor- 
rectly identify inflammation as an underlying cause of 
asthma attacks, and 90% of the respondents were unable 
to identify airway constriction as the other main cause 
(visit http://www.asthmainamerica.com/widespread.html 
for more information). 
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To improve awareness of the causes and treatments of 
asthma in America, the National Heart, Lung, and Biood In- 
stitute’s (NHLBI’s) National Asthma Education and Preven- 
tion Program (NAEPP) in 1991 released its first set of asthma 
management guidelines, referred to as the Expert Panel 
Report. 2 This was followed by Expert Panel Report 2 in 1997 3 
and an update of the report on selected items in 2002. 4 In 
2007 they released the Expert Panel Report 3, which is avail- 
able to caregivers and patients. The report provides guidelines 
for management of asthma based on the expert panel review 
with an emphasis on evidence-based practice of medicine. 3 
There is a wealth of information on the NHLBI as well as the 
Centers for Disease Control and Prevention, 6 including two 
videos that demonstrate how to control and prevent asthma 
exacerbations within a clinic visit' and how to control your 
asthma while you travel. 8 We anticipate new or updated 
guidelines within the next year or two, so piease reference the 
latest guidelines. Until then, this chapter will reference the 
2007 Expert Panel Report 3 as the foundation of this chapter. 

PATHOGENESIS OF ASTHMA 
Definition 

Asthma is a reversible obstructive lung disease created by 
chronic inflammation of the airways. These inflamed airways 
often hyperreact (bronchospasm) to various triggers. If not 
properly treated and controlled, asthma can be life threaten- 
ing. Many cells and cellular elements play a role in the 
disease—in particular, mast cells, eosinophils, T lymphocytes, 
immunoglobulin E (IgE), macrophages, neutrophils, and 
epithelial cells. In susceptible individuals, this inflammation 
causes recurrent episodes of wheezing, chest tightness, 
breathlessness, and coughing, especially at night or in the 
early morning. These episodes are usually associated with 
widespread but variable airflow obstruction that is often re¬ 
versible either spontaneously or with treatment. The inflam¬ 
mation also causes an associated increase in the existing 
bronchial hyperresponsiveness to a variety of stimuli. A num- 
ber of factors can play a role in the development of inflamma¬ 
tion, including exposure to viruses, allergens, and other oc- 
cupational irritants. The growing awareness that asthma is 
not a homogeneous disorder has important implications for 
how asthma will be diagnosed and managed in the future. 

Pathophysiology 

Asthma is characterized by chronic airway inflamma¬ 
tion, bronchial hyperresponsiveness, and hypersecretion 
of mucus. Airway obstruction is the consequence of 
these pathological mechanisms. There are six significant 
components to airway obstruction: 

1. Inflammation 

2. Acute bronchoconstriction 

3. Airway edema 

4. Mucous plugging 

5. Airway hyperresponsiveness 

6. Airway remodeling 


The obstruction can result in increasingly difficult air 
entry, air trapping, atelectasis, ventilation-perfusion abnor- 
malities, hypoxia, and hypercarbia. Approaches to therapy 
are directed toward blocking the inflammation as well as 
preventing and relieving airway hyperresponsiveness and 
remodeling. 

Airway Inflammation 

Our understanding of the pathogenesis of airway inflam¬ 
mation in asthma continues to grow as the function 
and interaction of inflammatory mediators are revealed. 
Inflammation results from the introduction or activation 
of specific mediators in the airway. In adult asthma there 
is evidence that inflammatory Åndings (e.g., eosinophilic 
airway inflammation, hypergranulation of mast cells, in- 
creased IgE levels, and increased allergic response) are due 
in part to an inappropriate activation of the CD4+ T cells 
that results in release of inflammatory cytokines. 

In some individuals, primarily adults with asthma, neu¬ 
trophils appear to be the primary mediator of cytokine re¬ 
lease and inflammation. These individuals appear to be less 
responsive to steroids and bronchodilators and are more 
likely to experience remodeling of their airways. No matter 
what the underlying pathology is, inflammation and the 
resulting swelling of airway mucosa can affect the airway 
caliber and decrease airflow. We now know that airway in¬ 
flammation is persistent and that early intervention with 
anti-inflammatory medications may help to slow the course 
of the disease, but any successful response usually requires 
weeks to achieve and in some instances may be incomplete.-’ 

Following Dr. Elunt and colleagues’ discovery in 2000 
that exhaled breath condensate (a noninvasive marker of 
airway lining pH) is acidic during acute exacerbations of 
asthma, 10 there is an evolving concept that this acidity 
appears to go hånd in hånd with inflammatory lung dis¬ 
ease such as asthma. Acidification of the airway lining 
fluid is known to cause important respiratory symptoms. 
Likewise, bronchoconstriction occurs when the airway lin¬ 
ing fluid is acidified. 11 Furthermore, acidification inhibits 
ciliary motility, increases mucous viscosity, alters nitrogen 
oxide reacdvities and oxidative processes, and enhances 
eosinophilic and neutrophilic inflammation. 11 These con- 
sequences of airway acidification reflect precisely the patho¬ 
physiology of acute asthma. 11 A recent publication asserts 
that nebulized 3 agonists (discussed later in this chapter) 
such as albuterol are poorly transported across the alveolar 
epithelium when the airway lining fluid is acidic, 12 provid- 
ing one potential explanation for the clinical failure of 
(3 agonists in management of chronic bronchitis as well as 
in many acutely ill asthma patients. 

The Path of Inflammation in Allergic 
Asthma 

Asthma has been shown to be predominately allergic in 
nature, with 80% of children and more than 50% of adults 
with asthma. 12, IgE has been identified as a key molecule in 
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mediating allergic asthma. Total serum IgE levels have been 
shown to have a close association with self-reported asthma . 13 

Allergic disease starts with a sensitization phase in 
which an allergen on the airway mucosa is processed by an 
antigen-presenting cell (APC), such as a dendritic cell. The 
dendritic cell travels to regional lymph nodes and acts as a 
key antigen-presenting cell, causing the release of interleu- 
kins that cause the naive T cell to differentiate into a Th2 
cell. The Th2 cell then releases interleukin 4 (IL-4), which 
enhances the production of IgE by stimulating B cells to 
differentiate into IgE. IL-4 also stimulates the differentia¬ 
tion of more naive T cells to Th2 to further this process. 
IgE binds to high- and low-affinity receptors on mast cells, 
basophils, and eosinophils. These cells contain inflamma- 
tory mediators. The IgE produced is specifically sensitive 
to the allergen (antigen) that started the process. When the 
allergen is reintroduced into the system (on mucosa or in 
the bloodstream), it will bind to the IgE attached to mast 
cells, eosinophils, and basophils. This will result in cross- 
linking that causes a calcium influx and resulting degranu- 
lation that releases the inflammatory mediators within the 
cells that cause allergy and asthma symptoms . 14 

There are three phases of inflammation. The first phase 
involves the preformed mediators that are released with 
degranulation: histamine, heparin, and tryptase. These 
mediators result in airway smooth muscle contraction, 
vasodilation, increased vascular permeability, and mucous 
secretion. The resulting injury to airway cells attracts 
other mediators such as cytokines (leukotrienes, IL-4, IL-5, 
IL-13, tumor necrosis factor (TNF) a, and eosinophils, to 
name a few), resulting in a late phase that occurs 4 to 
8 hours after the immediate response. Persistent inflam¬ 
mation can lead to a remodeling phase that results in air¬ 
way smooth muscle hypertrophy, hyperplasia, increased 
angiogenesis, and collagen deposition . 13 This last phase 
will result in a decline in lung function and irreversible 
obstructive lung disease. 

The Definition and Role of T Cells: 

The Th1/Th2 Paradigm 

T helper cells, Thi and Th2, cross-regulate each other and 
regulate immune responses. There continues to be consider- 
able interest in the role of immune responses in airway 
inflammation. It has become clear that a bias toward the 
production of Th2 cells results in increased atopy and 
asthma. Th2 cells produce IL-4, which enhances IgE synthe- 
sis; IL-5, which stimulates eosinophil production; IL-9, 
which increases mast cell production; and IL-13, which 
increases mucus production and airway hyperresponsive- 
ness. Thi cells produce interferon -7 and IL-2, which aid in 
defense of infection. It is believed that a newborn is skewed 
toward a Th2 response through exposure to infections and 
other environmental stimuli. When the Th2 response trig¬ 
gers, the Thi response is activated and a balance between the 
Thi and Th2 responses occurs . 16 The “hygiene hypothesis” 
suggests that because of immunizations and increased use of 


antibiotics, children are not exposed to the stimuli to drive 
the Thi response, and the cytokine pattern then favors the 
Th2 response in susceptible individuals, which will cause the 
production of more IgE and thus increase atopy and risk 
for asthma. 

Airway Hyperresponsiveness 

Hyperresponsiveness is an exaggerated bronchoconstricting 
response to stimuli. The level of hyperresponsiveness is often 
correlated with the severity of constriction created by a bron- 
choprovocation test (such as a methacholine challenge). Ex¬ 
posure to certain allergens causes an IgE-dependent release 
of mediators from the mast cell. These mediators include 
histamine, tryptase, leukotrienes, and prostaglandins. They 
directly contract airway smooth muscle, giving rise to acute 
bronchoconstriction or airway hyperresponsiveness. Other 
“triggers” of airflow obstruction include aspirin and nonste- 
roidal anti-inflammatory drugs, exercise, cold air, irritants, 
gastroesophageal reflux, respiratory infections, and psycho- 
logical stress. When reduction of airway inflammation is 
achieved, better control of asthma should be expected. 

Airway remodeling is the permanent structural change 
that occurs in the airway. It is associated with progressive 
loss of lung function and may not be prevented or be fully 
reversible by current therapeutic interventions. The pro¬ 
cess of repair and remodeling in the airway are not well 
understood, but it is certain that these processes are key to 
explaining why asthma remains persistent and in some 
cases resistant to therapy. Features of airway remodeling 
include inflammation, mucous hypersecretion, subepithe- 
lial fibrosis, airway smooth muscle hypertrophy, and 
angiogenesis . 3 Inflammatory mediators stimulate hyper¬ 
plasia of mucous giands, resulting in more and chronic 
mucus production. The excessive mucus secretion and 
plugging of the airway may act to reduce the diameter of 
the airway and further limit airflow. Activation of inflam¬ 
matory mediators also results in increased vascular perme¬ 
ability and leakage with activation of structural cells 
such as epithelial tissue, mucous giands, and biood vessels. 
Repeated inflammatory episodes result in airway mucosa 
thickening and eventual fibrosis. 

RISK FACTORS FOR 
DEVELOPMENT OF ASTHMA 
IN CHILDREN 

Asthma is a dynamic disease. Its progression will vary over 
time regardless of the age of the patient. Although the 
etiology of asthma is not well defined, there appear to be 
risk factors associated with its onset and persistence. 
Asthma is more prevalent in prepubescent boys but more 
common in giris after puberty. It is more common among 
inner city and African-American and Flispanic children in 
the United States; however, there is disagreement as to 
whether racial and ethnic background is a risk factor or if 
poverty has the greater impact. Currently available data 
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from genetic studies of asthma suggest a strong genetic 
component. However, the exact mode of inheritance is 
unknown. Low-birth-weight infants as well as children 
born to young mothers or mothers who smoke during 
pregnancy tend to have an increased incidence of asthma. 
Other theories have emerged to suggest that asthma devel- 
ops in children when there is a predominant T2 cell 
response (as opposed to a predominant TI cell response) 
when exposed to various triggers. It has been proposed 
that this shift results from early exposure to certain viruses 
or the lack of exposure to early childhood diseases, as well 
as from the overuse of antibiotics. 

Allergic Response—Atopy 

Atopy seems to be the strengest identifiable predisposing 
factor for developing asthma, with atopic dermatitis often 
preceding its onset. Infants who become sensitized to food 
allergens early in life have an increased risk for developing 
asthma. The majority of children with asthma are atopic, 
but not all atopic children develop asthma. Inhaled aller¬ 
gens are thought to be the most important factor in the 
onset of asthma in the child predisposed to atopy. 

Environmental Triggers 

There are several significant indoor environmental trig¬ 
gers. Once an aggravating agent is identified, it is essential 
that that the household undergo intervention that could 
remediate or eliminate it. If the child is sensitive to warm- 
blooded animals, the suggested interventions include the 
removal of the pet from the home or, if this is not possible, 
to keep the bedroom door closed so that the animal does 
not have access to the child’s room. 

Tobacco smoke is closely linked with increased asthma 
prevalence and morbidity and therefore it is important 
that the patient and others who live in the household re- 
frain from smoking. Smoking cessation measures are sug¬ 
gested. If there are smokers in the home, it is important 
that all smoking take place outside the home. 

Cockroach exposure is another concern that impacts 
patients who live in the inner city. 18 Cockroach antigens are 
commonly found in the bedrooms of children who are sen¬ 
sitized. It is important that the family practice a routine that 
includes not leaving food exposed or the garage opened. 
Poison baits, boric acid, and traps are also important tools 
that can reduce or eliminate the cockroach problem. Of 
course in using these interventions it is important to make 
sure that the child not be able to access baits or poisons. 

Molds are another common trigger in the home. Once 
identified it is essential the mold be cleaned out and the 
area dried. This can be a particular problem in humid 
environments or where there are plumbing leaks that are 
left unattended. 

House-dust mites are another trigger. To manage this 
problem it is recommended that the mattresses and pillow 
be encased with an allergen-impermeable cover. It also is 
advisable that the bedding be washed in water that is 


warmer than 130° F. Other suggested steps would be to 
reduce humidity in the home to less than 40%, remove 
carpeting from the bedroom, avoid lying on upholstered 
furniture, and not carpet over concrete flooring. It is im¬ 
portant to not expose stuffed toys to dust but rather keep 
them covered and consider frequent washing as well. It ap- 
pears that exposure to any environmental allergen, if it is 
intense and persistent, may lead to sensitization in atopic 
children and then be associated with chronic asthma. 

Much research has been devoted to the relationship 
between wheezing illnesses in infants and the development 
of asthma. Respiratory syncytial virus is the most common 
viral respiratory tract pathogen isolated from infants who 
wheeze. Many of these infants with severe infection with 
respiratory syncytial virus develop recurrent wheezing and 
asthma later in life. 

NATIONAL ASTHMA EDUCATION 
AND PREVENTION PROGRAM 
GUIDELINES (REPORT 3) 

Purpose 

The National Asthma Education and Prevention Program 
(NAEPP) was formed by the National Institutes of Health in 
the late 1980s to assist in the promotion of asthma educa¬ 
tion to the public, the health care professional, and the pa¬ 
tient. The most significant undertaking of this organization 
has been the development and dissemination of the Expert 
Panel Report 3: Guidelines for the Diagnosis and Management of 
Asthma, published in 2007 and also known as “the Asthma 
Guidelines.” Because of ongoing changes in the diagnosis 
and treatment of asthma, particularly in the pharmacological 
care, an updated set of guidelines has been published every 
5 years. The recommendations in the latest version are also 
evidence based, which allows for a document that has been 
under the scrutiny of the Expert Panel. All sets of guidelines 
have been written by a science-based committee of experts 
from all medical disciplines, all based in the United States. 

The stated purpose of the guidelines is to serve as a 
comprehensive tool in the diagnosis and management of 
asthma. The NAEPP States that the report, which is not an 
official regulatory document, should serve as a guide, and 
that a patient’s specific history must be considered when 
implementing its guidelines. In spite of massive public 
promotion directed to the medical community, the re¬ 
sponse to the report has been mixed. Disagreement by 
primary care physicians with components of the guide¬ 
lines has often led to poor compliance, whereas still other 
physicians remain unfamiliar with the guidelines. Asthma 
specialists tend to be more familiar with the guidelines 
and receptive to their use. Getting the guidelines into the 
hånds of all providers who interact with asthma patients 
and influencing them to use the guidelines to guide ther- 
apy remains the goal of the NAEPP. It is also essential that 
the clinician, patient, and family members understand and 
abide by the goals of optimal management (Box 27-1). 
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Box 27-1 


Goals of Asthma Management 


1. Prevent chronic asthma symptoms and minimize asthma 
exacerbations, using the least aggressive therapy that is 
sufficient. 

2. Maintain normal activity levels including exercise and 
other physical activities; avoid missing school activities. 

3. Maintain normal or near-normal pulmonary function. 

4. Prevent recurrent asthma exacerbations and minimize the 
need for emergency department visits or hospitalizations. 

5. Provide optimal pharmacotherapy with minimal or no 
adverse effects. 

6. Meet patient’s and family’s expectations of and satisfaction 
with asthma care received. 


Children who present with chronic or episodic cough, 
wheezing, difficulty breathing, or chest tightness may have 
asthma. The diagnosis of asthma cannot be established 
until alternative diagnoses are excluded. There should be 
evidence of airflow obstruction that is at least partially 
reversible and episodic symptoms of airflow limitation or 
airway hyperresponsiveness. The NAEPP guidelines recom- 
mend a detailed medical history, physical examination, and 
spirometry to determine reversible disease. It is also impor- 
tant to determine the severity, control, and responsiveness 
to therapy to determine the patient’s current asthma status. 
Once a diagnosis has been made, it is important that the 
clinician use methods (e.g., testing for allergies and deter- 
mining IgE levels) to identify precipitating factors. 

Medical History 

A detailed medical history is essential in identifying the 
symptoms, triggers, and severity of asthma. A diagnostic 
history includes recurrent wheezing, chest tightness, short- 
ness of breath, and cough, with nocturnal symptoms being 
common. Symptoms that occur or worsen with various 
stimuli (e.g., allergens, respiratory infections, emotional ex- 
pressions, menses, viral infection, exercise, weather changes) 
or follow a seasonal pattern are highly suggestive of asthma. 

A thorough history includes descriptions and frequency 
of previous exacerbations, hospitalizations, number of 
emergency department visits or unscheduled office visits, 
amount of school missed because of symptoms, and re- 
sponse to previous therapy. It is also important to determine 
if symptoms are episodic or persistent. A history of allergic 
disorders (including family history), premature birth, and 
sinus and respiratory infections is often linked to asthma. 

Physical Examination 

A physical examination of the upper respiratory tract, 
chest, and skin is essential for the diagnosis of asthma, as 
well as to rule out another disorder. However, examinations 
may be completely normal between acute exacerbations, 
and the medical history is a stronger factor in supporting a 
diagnosis of asthma. Symptomatic children may present 


with audible wheezing and prolonged expiration, cough, 
increased nasal secretions, hyperexpansion of the thorax, 
retractions, use of accessory muscles, and tachypnea. 
Examination of the upper airways may show evidence of 
allergic disease (e.g., allergic shiners, edematous nasal mu- 
cosa, postnasal drip). Atopic dermatitis is typical in the 
presentation of asthma; however, digital dubbing is rarely 
found in asthma and raises the suspicion of cystic fibrosis. 
Many physical examination findings lead to consideration 
of a diagnosis other than asthma. 

Pulmonary Function Testing 

Pulmonary function testing is used to help confirm the 
diagnosis of asthma, estimate the severity of airway inflam¬ 
mation, and follow the response to changes in therapy. 1 ‘ 1 
Because all pulmonary function tests are essentially effort 
dependent, children must be old enough to correctly per¬ 
form the test and provide maximum effort. Some children 
can perform an acceptable expiratory maneuver at 4 years 
of age, whereas others are unable to accomplish this until 
they are 7 or 8 years of age. If effort or technique is poor, 
results are not helpful in diagnosis or treatment of asthma 
and should not be used. 

Typical spirometry measurements in the diagnosis of 
asthma include the total volume of air exhaled forcefully 
from a maximal inhalation (forced vital capacity, FVC), the 
volume of air exhaled during the first second of the FVC 
(forced expiratory volume in 1 second, FEVi), and the FEV!/ 
FVC ratio. Other measurements, including the flow in the 
middle portion of the FVC (FEF 2 s. 7 s), are often reported. The 
FEF 25-75 is also known as the maximum midexpiratory flow. 
It is sensitive to small changes in airway caliber and also de- 
creases with increasing obstructive disease; however, it is 
highly variable. Airway obstruction is indicated when the 
FEV X is less than 80% of the predicted value and FEVi/FVC 
values are less than 65% (or below the lower limit of normal). 

The diagnosis of asthma requires that the airway 
obstruction be reversible. Spirometry measurements are 
performed before and after inhalation of a short-acting 
bronchodilator (e.g., albuterol). Significant reversibility is 
established when there is a greater than 12 % increase in the 
postbronchodilator FEV X measurement . 20 

Pulmonary function tests are performed at the time 
of initial diagnosis and after treatment has been initiated 
or changed. It is also performed periodically to document 
optimal pulmonary function values. If the patient demon- 
strates deterioration in pulmonary status, additional test¬ 
ing is warranted. It is recommended that children who 
require long-term control medication for asthma and are 
capable of performing the tests have pulmonary function 
tests performed at least annually. 

Exhaled Nitric Oxide 

Nitric oxide (NO) is known as a biological mediator in 
humans and is produced by the lungs and presented in 
exhaled breath. Fraction of exhaled nitric oxide (Feno) is 
a quantitative, noninvasive, simple and safe method of 
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measuring airway inflammation in patients with asthma. 
It is specifically used in the diagnosis and treatment of 
eosinophilic airway inflammation. Many clinicians today 
use Feno to determine the eosinophilic response to corti- 
costeroids, unmasking of otherwise unsuspected nonad- 
herence to therapy, and routine monitoring. According 
to the ATS Clinical Practice Guidelines, a patient with a 
low Feno level of less than 25 parts per billion (ppb) is 
considered less likely to respond to corticosteroids than a 
person with a high Feno level of more than 50 ppb who is 
symptomatic. Intermediate is considered between 25 and 
50 ppb. 21 

Bronchoprovocational Challenges 

Airway responsiveness can be assessed using pharmacologi- 
cal (e.g., histamine, methacholine) and nonpharmacological 
(e.g., exercise, cold air hyperventilation) challenges. Metha¬ 
choline and histamine are the most common pharmacologi- 
cal agents used for bronchoprovocational challenge. The 
challenge is performed in a medical facility with a physician 
and resuscitative equipment present. 

Methacholine Challenge 

During a methacholine challenge, carefully increased 
doses of methacholine are nebulized and delivered directly 
to the patient through a face mask or mouthpiece. The 
patient’s FEV! is measured after inhalation of each con- 
centration until there is a 20% decrease in the FEVi or until 
all nine concentrations have been delivered. A 20% de¬ 
crease in the FEVi is considered a positive challenge. This 
demonstrates the presence of bronchial hyperresponsive- 
ness and is highly associated with asthma. When the test is 
completed, the bronchoconstriction may be relieved with 
inhalation of a quick-relief bronchodilator. 


be greater than 70% of predicted before performing the 
challenge. 22 Patients with well-documented asthma should 
not be challenged. A negative bronchoprovocational chal¬ 
lenge may be useful in ruling out asthma. 

Exercise Challenge 

Exercise tolerance tests are performed using a variety of 
forms of exercise, including treadmill running, free run- 
ning, and bicycle ergometry. Most children are exercised 
until their heart rate reaches at least 170 beats per minute 
or more than 85% of the predicted maximum heart rate for 
their sex and age for 5 to 8 minutes. The FEV! is measured 
immediately after and at 5-minute intervals for 20 to 
30 minutes after exercise has stopped. A decrease in the 
FEV! of 15% or more from the pretest baseline indicates a 
positive response and exercise-induced bronchospasm 
(EIB). 2 , When comparing the results of exercise challenges 
with the pharmacological challenges, exercise testing has 
been observed to be less sensitive and a poorer screening 
test for bronchial hyperresponsiveness. 24 

Differential Diagnosis 

Asthma is the most common cause of recurrent or persis- 
tent wheezing, cough, and dyspnea in children. Flowever, 
several diseases and conditions produce similar signs and 
symptoms and may simulate an asthma exacerbation. 
Whether it is the first exacerbation for the child or further 
assessment of the patient with “difficult-to-manage” 
asthma, other causes of wheezing and airway obstruction 
must be considered. This is of particular importance in the 
infant and young child whose small airways are more easily 
obstructed. 2 The differential diagnosis of conditions that 
cause wheezing and airway obstruction varies with the age 
of the child. A thorough history, including response to prior 


Methacholine challenge is safe and reproducible in chil¬ 
dren. Flowever, it is recommended that the patient’s FEVi 

treatment, physical examination, and data from additional 
tests, can help differentiate other disorders. Box 27-2 lists 

1 Respiratory Conditions That Mimic Asthma 

• Upper airway disorders 


Cystic fibrosis 

• Allergic rhinitis and sinusitis 


Primary ciliary dyskinesia 

• Vocal cord dysfunction 


Mediastinal cysts or tumors 

• Tonsillar/adenoid hypertrophy 


Pulmonary embolism 

• Laryngeal web 


Aspiration syndromes 

• Laryngeal papillomatosis 


Aspiration bronchitis 

• Laryngotracheomalacia 


Aspiration pneumonia 

• Tracheobronchomalacia 


Gastroesophageal reflux 

• Tracheoesophageal fistula 


Hypersensitivity pneumonitis 

• Subglottic stenosis 


Allergic bronchopulmonary aspergillosis 

• Tracheal stenosis 


Cardiac disease 

• Bronchial stenosis 


Large left-to-right shunts 

• Vascular ring 


Congestive heart failure 

• Enlarged lymph nodes or tumor 


Cardiomyopathy 

• Foreign body aspiration 


Myocarditis 

• Lower airway disorders 


Hysterical symptoms 

• Acute viral bronchiolitis 


Psychogenic cough 

• Bronchiolitis obliterans 


Hyperventilation syndrome 

• Bronchopulmonary dysplasia 
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respiratory conditions that can produce asthmalike 
symptoms. 

MANAGEMENT OF ASTHMA 

After the diagnosis of asthma has been made, the NAEPP 
guidelines suggest a stepwise approach to classifying 
the severity of asthma and initiating treatment. For clas- 
sifications beyond mild asthma, daily control medication 
is recommended and the amount of medication is in- 
creased, described as a “step up,” as the need for treatment 
increases. When the asthma is under control, the amount 
of medication is decreased and described as a “step down.” 
The treatment prescribed is determined by classification of 
disease severity. Although asthma morbidity and mortality 
has increased in the United States, for most children with 
asthma proper disease management helps to provide a 
normal lifestyle. 

The pharmacological management of asthma requires 
the use of long-term control and short-term relief medica- 
tions. Identification, avoidance, and control of factors that 
worsen asthma symptoms are as essential to asthma man¬ 
agement as the use of medication. The regular monitoring 
and assessment of asthma severity have been proven to aid 
in control of the disease. Finally, management of a chronic 
illness such as asthma requires patient and family involve- 
ment in developing a treatment plan and in understanding 
the illness. 

Pharmacological Therapy 
Long-Term Control Medications 

Pharmacological management involves using medications 
to control and relieve symptoms. Any medication that is 
taken to provide ongoing control of asthma is classified as 
a long-term control medication. Long-term control medi¬ 
cations are taken daily to achieve and maintain control of 
persistent asthma. 

Anti-inflammatory Agents. Anti-inflammatory agents 
are still considered the most effective long-term treatment 
for chronic inflammation in asthma. They block late- 
phase reaction to allergens, reduce airway hyperrespon- 
siveness, and inhibit anti-inflammatory cell migration and 
activationd They are considered first-line anti-inflammatory 
agents for children with mild to moderate asthma. Although 
the potency of their anti-inflammatory activity is less 
documented than that of inhaled corticosteroids, they have 
few adverse effects. 26 

Inhaled corticosteroids are the most consistently 
effective controller medication for asthma and are 
considered first-line therapy for its treatment. Their 
advantage over oral corticosteroids is that they are clini- 
cally effective without having significant side effects. 
Oral corticosteroid-dependent patients have been able 
to decrease or discontinue their use of oral corticoste¬ 
roids when appropriate inhaled corticosteroid therapy is 
initiated. 


Although there is much less risk of developing adverse 
events with inhaled compared with systemic corticoste¬ 
roids, the potential for side effects remains. Dysphonia, 
voice change, reflex cough, and oral candidiasis occur most 
often with higher doses, although these manifestations 
can occur at any dose. Use of spacers or holding chambers 
along with rinsing after inhalation may reduce these 
effects. Questions remain about the clinical significance 
of all side effects, particularly concern regarding growth 
suppression in children. Until more data are obtained, 
the NAEPP guidelines recommend that children be 
maintained on the lowest dose of inhaled corticosteroid 
tolerated with close monitoring of linear growth and 
development. 

Systemic or oral corticosteroids are often required during 
an asthma exacerbation. However, daily or every-other-day 
use, along with high doses of an inhaled corticosteroid, is 
necessary in some patients with very severe disease. The side 
effects of long-term, regular use of systemic corticosteroids 
are significant and are listed in Box 27-3. Once asthma con¬ 
trol is achieved, efforts are made to wean the patient from 
oral corticosteroids. 

Long-Acting (3 2 Agonists. Salmeterol and formoterol 
are long-acting inhaled |3 2 agonists (LABAs) available 
in the United States. Salmeterol is available alone as a dry- 
powder discus. It is also available in a dry-powder discus 
in combination with the corticosteroid fluticasone. For¬ 
moterol is available in a dry-powder inhaler device alone 
and as combination therapy and most recently in a liquid 
form for nebulization. The biggest difference between the 
two long-acting bronchodilators is their onset of action. 
Salmeterol can take from 30 minutes to 90 minutes to 
have peak effect, whereas formoterol begins to work in 3 to 
5 minutes. Evidence on the use of LABAs in asthma has 
demonstrated that the addition of LABAs to treatment 
of asthma not well controlled on low- or medium-dose 
inhaled corticosteroids improves lung function and de- 
creases symptoms more effectively than the use of inhaled 
corticosteroid (ICS) therapy alone.^ Concerns were raised 
regarding the use of these medications when a large clini¬ 
cal trial comparing daily salmeterol with placebo added to 


Side Effects of Long-Term Use 

1 of Systemic Corticosteroids 

• Adrenal suppression 

• Hypertension 

• Growth suppression 

• Osteoporosis 

• Muscle myopathy 

• Peptic ulcer 

• Aseptic hip necrosis 

• Cataracts 

• Hyperglycemia 

• Acne 

• Increased risk of infection 

• Weight gain 

• Skin atrophy and striae 

• Obesity 

• Psychological 

• Hirsutism 

distu rbances 

• Glaucoma 

• Easybruising 

• “Moon” facies 

• Fluid retention 

• “Buffalo hump” 
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usual asthma therapy demonstrated an increased risk 
of asthma-related deaths in those on salmeterol. 2 ' This 
resulted in the Food and Drug Administration (FDA) plac- 
ing a black box warning on all asthma medications con- 
taining an LABA. These studies resulted in the Expert 
Panel 3 recommending that the option of increasing the 
ICS dose be given equal weight to the decision to add an 
LABA for uncontrolled asthma symptoms. It is also not 
recommended that LABAs be used in the treatment of 
acute asthma symptoms or as monotherapy for long-term 
control. 

Methylxanthines. Although theophylline was at one 
time a prominent component of daily asthma treatment, 
its role has changed dramatically over the past 10 years. It 
is listed as an alternative, but not preferred, adjunct ther¬ 
apy to ICS. With the current focus on anti-inflammatory 
therapy for asthma, along with its narrow therapeutic 
window and need for close monitoring of serum levels, 
theophylline has limited use in the pharmacological 
management of asthma in children. 

Leukotriene Modifiers. Leukotrienes are potent pro- 
inflammatory mediators that promote bronchospasm, 
mucus production, and airway edema. Leukotriene 
modifiers are the first new class of medicines for asthma 
treatment in 20 years. Leukotriene action is modified by 
agents that either inhibit production of the leukotrienes 
or block their action. These agents are still relatively new, 
and studies are needed to determine their role in pediat- 
ric asthma care. 

Zileuton is the only approved agent that inhibits the 
production of the leukotrienes; however, suggested dosing 
is four times daily and there have been reports of elevated 
results of liver function tests in patients taking the medi- 
cation. Therefore it has a limited role in pediatric asthma 
care. The Expert Panel Report recommends that this clas- 
sification of medication be considered as an alternative but 
not a preferred therapy in the management of mild persis- 
tent asthma. It does recommend its use as an adjunct 
therapy with inhaled corticosteroids for patients 12 years 
of age and over.'' 

Cromolyn Sodium and Nedocromil. Stabilized mast 
cells can interfere with chloride channel function. They are 
used as an alternative, but not preferred. They can also be 
used as preventive treatment before exercise or unavoid- 
able exposure to known allergens.'' 

Immunomodulators. Omalizumab, the only drug 
that specifically binds circulating IgE, is indicated for 
moderate to severe asthma in patients older than 12 years 
who have had a positive skin test or positive in vitro test 
for aeroallergens, a quantitative IgE level between 30 and 
700 IU/L, and whose asthma is not controlled on ICS 
therapy. Omalizumab is dosed based on the quantitative 
IgE level and the person’s weight. Injections of ISO to 375 
mg are given subcutaneously 1 to 2 times monthly. Oma¬ 
lizumab can significantly reduce exacerbations in the pa¬ 
tient with atopic asthma. 28 


Quick-Relief Medications 

Medications in the quick-relief category are short-acting 
(3 2 agonists, anticholinergic agents, and systemic cortico¬ 
steroids. These medications are used to relieve acute 
airway obstruction. All patients with asthma need a quick- 
relief medication, preferably a short-acting (3 2 agonist, to 
take as needed for acute symptoms. 

Short-Acting |3 Agonists. With a rapid onset of action 
of 5 to 15 minutes and a 4- to 6-hour duration of action, 
these agents are the treatment of choice for acute episodes 
of bronchospasm. They are often referred to as “rescue” 
medications and are most effective when inhaled. They are 
used only on an as-needed basis and not as part of the 
regularly scheduled medication regimen. Increased use of 
these agents, particularly using more than one canister per 
month, is an indication of inadequate asthma control and 
increasing severity. The most common side effects are 
tremor, palpitations, and tachycardia. Although acute 
respiratory symptoms are relieved, short-acting (3 2 ago¬ 
nists have no anti-inflammatory action. They are used to 
prevent EIB. 

Anticholinergics. Ipratropium bromide is the anticho¬ 
linergic agent approved for use in the United States. It 
is available alone in a metered-dose inhaler (MDI) and nebu- 
lizer formulation. Given alone, it is a less potent bronchodi- 
lator than short-acting (3 2 agonists. The combination of 
ipratropium bromide and albuterol is marketed in a me¬ 
tered-dose inhaler and a nebulizer unit-dose preparation. 

Systemic Corticosteroids. Patients with acute exacer¬ 
bations often receive 3- to 10-day bursts of prednisone 
or methylprednisolone. The bursts are primarily used to 
hasten recovery and prevent recurrence of symptoms. The 
dose of corticosteroid is tapered as symptoms resolve. 
However, if the symptoms return within 1 month or if the 
bursts are frequently required, changes are likely required 
in the long-term control medication regimen. 

Deiivery Systems 

Asthma medications are usually given through inhalation 
in an aerosol form. The medications are administered by 
a metered-dose inhaler, a dry-powder inhaler, or liquid 
small-volume nebulization. The majority of propellants 
that power the metered-dose inhalers use chlorofluorocar- 
bons, Chemicals that have been found to contribute to 
depletion of the ozone. Manufacturers of metered-dose 
inhalers are actively replacing propellants in accordance 
with the Montreal Protocol time lines. 

Valved holding chambers are simple, inexpensive tools 
that have been developed to use with metered-dose inhalers. 
Their purpose is threefold: 

1. To slow aerosol velocity 

2. To minimize particle impaction in the oropharynx 

3. To enhance deposition in the lower respiratory tract 

Their use in children is recommended to reduce the 

problem of coordinating actuation of the metered-dose 
inhaler with the inhalation. Studies have demonstrated 
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that the decrease in pharyngeal deposition results in im- 
proved drug efficacy and reduction in local side effects. It 
is imperative that patients along with parents or caregivers 
are instructed in the proper use of all inhalers, nebulizers, 
masks, and valved holding chambers. See Chapter 11 for 
more details of delivery devices. 

Control of Asthma Triggers 

Most children with asthma have an allergic component to 
their disease. If asthma is to be managed adequately, the 
allergens and irritants that worsen symptoms must be 
identified and controlled. The most common allergens im- 
plicated in chronic asthma are listed in Box 27-4. Exposure 


i Allergens 

Associated with Asthma 

• House dust mite 

• Mouse 

• Pet allergen 

• Cockroach 

• Cat 

• Indoor mold 

• Dog 

• Aspergillus 

• Guinea pig 

• Penicillium 

• Rabbit 

• Outdoor mold 

• Rodent 

• Alternaria 

• Rat 

• Cladosporium 


to allergens and irritants may significantly increase bron- 
chial hyperresponsiveness, whereas reduced exposure to 
allergens can decrease asthma symptoms. 

Identification o f Allergens 

Because childhood asthma is often exacerbated by allergen 
exposure, it is helpful to identify the allergens. Allergy skin 
testing, along with a thorough history and physical examina- 
tion, is one method an allergist uses to determine which 
allergens may be aggravating a child’s asthma. Another com¬ 
mon test used to determine what allergens are responsible 
for allergic disease is the radioallergosorbent (RAST) test. 

Avoidance and Control Measures 

It is nearly impossible for a child with asthma to avoid 
exposure to all offending allergens and irritants. But it is 
possible to minimize exposure to them. This begins with 
teaching the child and family to recognize the triggers and 
use measures to control and avoid them. Box 27-5 lists 
control measures for environmental factors that often 
exacerbate asthma in children. 

Role of Immunotherapy 

Allergen avoidance can produce changes in asthma disease 
activity and bronchial hyperresponsiveness, but often there 


Box 27-5 


Environmental Control Measures 


HOUSE DUST MITE 

Kill with hot water (>130° F) and dry cleaning. 

Enforce bedroom dust control. 

Encase pillows, mattresses, and box springs in zippered 
allergen-impermeable covers. 

Wash sheets and blankets weekly in hot water. 

Replace wool bedding with cotton or synthetics. 

Avoid feather or down bedding. 

Remove stuffed toys, wall hangings, and other “dust- 
catchers.” 

Hot-water wash or freeze stuffed toys weekly. 
Vacuum/dust weekly wearing mask; vacuum with 
double-thick bag and HEPA filter. 

Keep heat, ventilation, and air conditioner filters clean. 
Remove carpeting; wash rugs; avoid heavy curtains and 
blinds. 

Keep clothing in closets with doors closed. 

Clean with damp cloths. 

Reduce indoor humidity. 

Replace upholstered furniture with wood, vinyl, or leather. 

ANIMAL DANDER 

Remove animal from house or restrict animal to washable 
area (may take 4 to 6 months to remove cat allergen). 
Banish animal from bedroom. 

Close bedroom door and vents. 

Use FIEPA or electrostatic filter in bedroom. 

Remove carpets and minimize upholstered furniture and 
other allergen reservoirs. 


COCKROACH 

Hire professional exterminator. 

Use poison baits. 

Store food and garbage in sealed containers. 

Perform meticulous regular cleaning. 

Eat only in kitchen/dining room. 

NDOOR MOLD 

Kitchen, bathroom, and basement are most common 
sites. 

Leaky pipes, shower curtains, refrigerator drip pans, 
garbage pails, and window edgings are major sources. 
Wrap plumbing to eliminate condensation. 

Use commercial fungicides and bleach solution. 

Reduce humidity to less than 45% with dehumidifiers, air 
conditioning, and increased ventilation. 

Avoid humidifiers and vaporizers. 

Close Windows, especially in bedroom. 

Remove moldy items. 

Repair water leaks. 

Dry clothing/shoes before placing in closet. 

Limit houseplants and remove them from bedroom. 

Avoid live Christmas trees. 

NONALLERGEN IRRITANTS 

Avoid tobacco smoke and passive smoke in the home and 
closed car. 

Avoid wood stoves, kerosene heaters, cleaning products, 
and perfumes. 
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are no practical means for avoiding exposure to all aller¬ 
gens. Allergen immunotherapy, or “allergy shots,” should 
be considered for asthma patients when the following 
conditions are met: 

1. There is clear evidence of a relationship between asthma 
symptoms and allergen exposure. 

2. The patient is symptomatic during a major portion of 
the year. 

3. Symptoms are difficult to control with pharmacologi- 
cal therapy. 

The value of immunotherapy in children with asthma 
remains controversial. 29,30 Evidence suggests that it can 
be safely given to children with asthma and that life- 
threatening reactions are uncommon when the process is 
prescribed and supervised by an appropriately trained phy- 
sician. However, the risk of anaphylaxis remains and the 
injections must be administered in a health care facility 
where personnel, medication, and emergency equipment 
are immediately available to treat a systemic reaction. The 
patient waits 20 to 30 minutes after each injection because 
this is the interval of highest risk for a systemic reaction. It 
is also suggested that the immunotherapy be delayed when 
the child has an acute illness or asthma exacerbation. Al¬ 
lergen immunotherapy is typically given every 7 to 28 days 
for 3 to S years, with a positive effect often seen within 
1 year of therapy. 

Peak Flow Monitoring 

Using a peak flow meter to monitor peak expiratory flow 
rates (PEFR) is an important tool in asthma management 
when it is accompanied by a written action plan. It can be 
performed in children as young as 3 to 4 years old. Moni¬ 
toring assists children and parents or caregivers in recog- 
nizing changes in respiratory status, affording them the 
chance to make necessary interventions. Although lung 
function measurements such as peak flow or spirometry 
may be useful in the management of asthma, many chil¬ 
dren may be unable to do or have difficulties performing 
maneuvers during an asthma exacerbation. 11 Therefore, 
the use of peak flow is not as strongly supported in the 
assessment of hospitalized patients with acute asthma 
exacerbations. 

Peak Flow Meter 

The peak flow meter is a comparatively inexpensive moni¬ 
toring tool that measures the PEFR (Figure 27-1). It is used 
only for ongoing monitoring and not to diagnose asthma. 
Different brands of peak flow meters are available, and it is 
possible to get a slightly different peak flow value when us¬ 
ing a different meter. Because there is variation between 
different brands, it is important to use the same peak flow 
meter or model for long-term monitoring. 32 Box 27-6 lists 
the steps in performing a peak flow maneuver. Patients are 
asked to bring their peak flow meter to their physician’s 
office to check the accuracy of the meter as well as to re- 
check for proper technique. When a quick-relief medication 



FIGURE 27-1 Child with peak flow meter. 


is taken because of an increase in asthma symptoms, it is 
suggested that a peak flow reading be obtained before and 
after taking the medication. 

Peak Flow Diary 

Keeping a diary or chart of the readings is for many 
patients an important part of their treatment plan. Graphs 
for plotting peak flows are often included with the peak 
flow meter and can be photocopied for additional use. 
With daily peak flow monitoring, a patient may see a drop 
in the peak flow before severe symptoms are felt and may 
begin early treatment or seek medical help. This may pre¬ 
vent asthma exacerbations from occurring or lessen the 
seriousness of an episode by medicating at the first sign of 
low peak flow readings. The physician reviews the peak 
flow diary at each office visit. 


Box 27-6 


How to Use a Peak Flow Meter 


1. Make sure the meter reads zero or the indicator is at the 
bottom of the numbered scale. 

2. Stand up (unless there is a physical disability). Remove 
any food or gum from your mouth. 

3. Take as deep a breath as possible, filling your lungs 
completely. 

4. Place the meter in your mouth, behind your teeth, and 
close your lips around the mouthpiece. Do not let your 
tongue block the mouthpiece. 

5. Blow out as hard and as fast as you can in a single blow. 
Do not cough into the meter. 

6. The force of your breath moves the indicator on the peak 
flow meter. The number opposite the indicator is your 
peak flow. 

7. Write down the peak flow number obtained. 

8. Repeat the steps two additional times. Record the highest 
of the three attempts (not the average) in your diary or 
on your peak flow chart. 
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Personal Best Reading 

There are predicted “normal” peak flow values that are 
determined by height, age, gender, and race. However, it is 
necessary to determine a child’s “personal best” peak flow 
reading. This is defined as simply the highest or best mea- 
surement obtained when the patient is free of symptoms 
and asthma is under control. To determine the personal 
best reading, the patient records peak flow readings at least 
once a day for 2 to 3 weeks. The best peak flow reading will 
usually occur in the early afternoon. 

Peak Flow Zone System 

Once a patient’s personal best peak flow has been estab- 
lished, every effort is made to maintain the peak flow val¬ 
ues within 80% of this number. One peak flow monitoring 
system uses a zone system to indicate asthma severity and 
to guide a patient to an appropriate response. As illus- 
trated in Box 27-7, green, yellow, and red zones are estab- 
lished. The zones are broad guidelines designed to simplify 
asthma management. 

Asthma Action Plan 

The physician provides a written management plan, or 
asthma action plan (Figure 27-2), with information that 
the patient can immediately refer to should the patient 
become symptomatic. No action plan should be developed 
without the physician’s input. Based on the patient’s cur- 
rent peak flow reading and the personal best number, the 
plan provides the patient with appropriate actions to take 
when the peak flow values drop. Included are detailed in- 
structions specifying when to begin quick-relief medica- 
tions, when to increase daily medications, and when to 
contact a physician or seek emergency care. Also identified 
are the specific medications to be given, the route of 
administration, the dose to be administered, and the fre- 
quency of dosing. Reminders to recheck the peak flow 
reading are included. It is helpful to have the physician’s 


name and phone number on the plan along with the 
phone number of a close relative or neighbor. 

Patients are instructed to take the action plan and peak 
flow meter with them when traveling. If the patient attends 
school, a copy of the plan is provided for the school to be 
used by the teacher or school nurse in the event of an exac- 
erbation or to prevent EIB while at school. 

Patient and Family Education 

For any asthma disease management program to be 
successful there must be an active partnership between 
patients, their families, and health care providers. This 
partnership is critical when the patient has a chronic dis¬ 
ease such as asthma. Patient and family education begins 
at diagnosis and is a continual process, with the ultimate 
goal being to improve self-management. 

It is unlikely that the patient’s physician has the time to 
devote to a complete and comprehensive regimen of educa¬ 
tion; therefore, all members of the health care team need 
to work together to reinforce the same message. A compre¬ 
hensive asthma education program, which should be pro¬ 
vided to patients with asthma, includes a system of 
well-trained health care providers who specifically address 
barriers to learning and test comprehension of parent and 
child; includes the community in which the child lives; and 
uses age-specific teaching methods (including technology 
when appropriate) to accomplish the NAEPP objectives 
(Figure 27-3): 

1. Self-monitoring to assess level of asthma control and 
signs of worsening asthma 

2 . Using a written asthma action plan 

3. Taking medication correctly (proper inhaler technique 
and use of devices) 

4. Avoiding environmental factors that worsen asthma 

A successful partnership keeps the lines of communi- 
cation open. Asking open-ended questions can lead 
to the patient and family being freer in discussing 


Box 27-7 


Traffic Light Zone System 


GREEN ZONE: PEAK EXPIRATORY FLOW IS GREATER 

THAN 80% OF PERSONAL BEST NUMBER. 

• Good control of asthma is indicated. 

• Patient is relatively symptom-free. 

• Quick-relief medication is not indicated. 

• Long-term control medication is the only medication 
indicated. 

• If peak flow is constantly in the Green Zone with minimal 
variation, the physician may consider changing or decreasing 
daily medication. 

YELLOW ZONE: PEAK EXPIRATORY FLOW IS 50% TO 

80% OF PERSONAL BEST NUMBER 

• “Cautious” zone; asthma is worsening. 

• There is less than optimal control of asthma. 

• Asthma symptoms may be increased, with awakening at night. 


• Quick-relief medication is needed (usually a short-acting 
(h-agonist). 

• Increase in daily maintenance therapy may be needed. 

RED ZONE: PEAK EXPIRATORY FLOW IS LESS THAN 50% 

OF PERSONAL BEST NUMBER 

• “Danger” zone; exacerbation is severe. 

• Asthma is poorly controlled. 

• Asthma symptoms are serious and possibly life 
threatening. 

• Immediate intervention is required (usually a short-acting 
P 2 agonist). 

• Depending on physician’s direction and patient’s response 
to quick-relief medication, patient may be directed to seek 
emergency care. 
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Name:_No. 

Date: _ 


ASTHMA ACTION PLAN USING YOUR PEAK FLOW READINGS 

Know your zone. Measure your peak flow every_and anytime you need to know your zone. 

GREEN ZONE: You are in the GREEN zone if your reading is at least_(>80% personal best). 

Green zone means GO. No sign of cough, wheeze, or chest tightness. 

Take these medications daily: How much When to take 

1 ._ _ _ 

2 .. . ... 

3. _ _ _ 

4. __ _ 

5. _ _ _ 

Take_puffs of_before you exercise, if needed for exercise-induced asthma. 



YELLOW ZONES: (50%-80% of personal best). You may have increased asthma symptoms, 
awakening at night with asthma, or inability to do your normal activities. 

HIGH YELLOW ZONE: Your peak flow is belween_and_. 

• Take_puffs of_(quick relief medicine) or an updraft treatment. * * Repeat 

every_hours until in the Green zone. 

• Take_puffs of_(anliinflammatory medicine). Repeat every_hours 

until in the Green zone. Then return to your Green zone dose. 

LOW YELLOW ZONE: Your peak flow is between_and_. Follow this plan if the peak 

flow does not reach High Yellow Zone within 15 minutes after taking inhaled quick-relief medicine or 
updraft treatment, or drops back into Low Yellow Zone within 4 hours. 

• Continue_puffs of_(quick relief medicine) or an updraft 

treatment every_hours.* 

• Add oral steroids**_. Continue_mg/day for_days or 

till in Green Zone for 24 hours. 

• Contact your doctor lo report persistent low readings or use of oral steroids. 
**If your condition does not improve within 2 days after starting oral steroids, contact your doctor again. 


RED ZONE: Your peak flow reading is below_. (< 50% personal best). 

Red zone means STOP. Your asthma symptoms are serious. 

• Take_puffs of_(quick relief medicine) or an updraft 

treatment.* 

• Take oral steroids_mg immediately. 

• If your peak flow does not reach the low yellow zone in 15 minutes after taking your 
quick-relief medicine or drops back into the Red zone in 4 hours, contact your doctor 
or go to the emergency room. 


*Always measure your peak flow 15 minutes after taking your quick-relief medicine. 

FIGURE 27-2 Example ofan asthma action plan. 


concerns, fears, and expectations regarding asthma care. 
Perception of the disease and beliefs about treatment 
are influenced by earlier experience with the disease, 
education, personality characteristics, socioeconomic 
and cultural background, and the available support sys¬ 
tems. 33 It is important to be sensitive to the cultural 
background of the patient and family. Ethnic beliefs can 
often affeet the way the patient and family view asthma 
and its treatment. For example, some cultures view 
an illness as either a “hot” or a “cold” disease. Many 
in the Hispanic population believe that asthma should 
be treated with a “hot” remedy such as hot tea. Often 
there is no harm in the belief; however, there may be 


times when the clinician must intercede in the interest 
of patient safety. 

Asthma Disease Process 

Key points concerning the disease process include a basic 
understanding of what asthma is and what can trigger 
asthma episodes. Often drawings of a normal airway con- 
trasted to that of one with asthma help patients visualize 
what is occurring in their own lungs. 

Medication Skiils 

It is imperative that patients (depending on age) and 
families understand the names of their medication, proper 
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FIGURE 27-3 A comprehensive asthma education program includes all stakeholders in the successful 
outcome of improved self-management of the patient. 


dosing, when and how to take each medication, and the 
side effects of each. Providing written instructions for each 
medication assists in understanding and adherence to the 
treatment regimen. Proper inhaler technique is taught and 
then reviewed at each subsequent physician visit. It is 
stressed that the long-term control medications are pre- 
ventive in nature and are to be taken even if the patient is 
symptom free. Patients often discontinue use of their con¬ 
troller medications, only to develop an asthma exacerba- 
tion within 3 to 4 weeks. 

Identification and Control of Triggers 

Patients and their families need information to discern 
what triggers their asthma as well as ways to avoid the trig¬ 
gers. Although all triggers may not be totally avoidable, the 
patient and family are urged to take all necessary measures 
to avoid them and learn to monitor which variables influ- 
ence their symptoms. 

Seif-Monitoring Techniques 

Patients must learn to monitor and recognize signs 
and symptoms of worsening asthma. Education in the 
proper use of a peak flow meter and how to follow 
an asthma action plan is an essential component of 
asthma education. Reinforcing appropriate behavior 
includes reviewing peak flow monitoring, inhaler tech¬ 
nique, and implementation of the action plan. Review 
of the action plan at each visit has been shown to 
improve patient compliance and decrease the chance for 
confusion. 


MANAGING ASTHMA 
EXACERBATIONS IN THE 
EMERGENCY DEPARTMENT 

Patients presenting to the emergency department have 
often had previous emergency admissions and hospitaliza- 
tions for treatment of severe asthma. Often these patients 
have no primary care physician and rely on symptomatic 
control and emergency departments as their primary 
source of medical care. Along with inadequate use of 
corticosteroids, these characteristics are associated with an 
increased risk for fatal asthma. 34 

Assessment 

The intensity and progression of the asthma exacerba- 
tion can vary and will determine the intensity of treat¬ 
ment in the emergency department. It is essential that a 
primary classification of severity be determined in the 
emergency department. On admission, a physical exami- 
nation is performed along with measurement of oxygen- 
ation and air flow. A pulse oximeter is used to measure 
oxygen saturation. Continuous monitoring of oxygen 
with a pulse oximeter is crucial in order to prevent 
desaturation. 

A peak flow meter or spirometer can provide assessment 
of the severity of airway obstruction from inflammation 
and bronchospasm. If a child who normally uses a peak 
flow meter is unable to perform the maneuver during 
an attack, severe air flow obstruction is considered and 
intensive medical therapy is indicated. 
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0 2 Agonists 

One of the first lines of therapy is wich (3 2 agonist agents, 
such as albuterol or levalbuterol. The EPR-3 recommends 
that the patient receive three treatments given every 20 to 
30 minutes by either nebulization or MDI. If there is an 
inadequate response to this, continuous nebulization of 
albuterol may be initiated. In severe exacerbations the addi¬ 
tion of ipratropium bromide to 0 2 agonists should be 
considered. Adverse effects typically seen with the use of 
(3 2 agonists, such as tremor, tachycardia, and nervousness, 
are often pronounced, and some patients may not want to 
take the treatment because of this response. 33 

Corticosteroids 

It is critical that corticosteroids be given to treat the in¬ 
flammation that occurs during an acute exacerbation. 
Early treatment, which may include the use of intravenous 
corticosteroids, is effective in preventing an increase in the 
severity of symptoms and may avoid hospitalization and 
relapses. 36 Because intravenous lines are uncomfortable 
and can be difficult to place in a child, studies have inves- 
tigated the use of oral corticosteroids in the emergency 
setting. 37,38 If the child cannot adequately be given oral 
corticosteroids, the intravenous route should be consid¬ 
ered. Consideration of other adjunct interventions in 
severe exacerbation should be considered as well. These 
include intravenous magnesium sulfate or heliox.' 


CASE STUDY 


A 5-year-old previously healthy boy with no medical history 
is being seen in the emergency department (ED) with wheez- 
ing, retractions, and respiratory distress, with an Spo 2 of 99% 
on room air. You initiate a bronchodilator according to 
protocol and begin a complete assessment. A chest radio- 
graph reveals hyperinflated lung fields with no concerns for 
pneumonia or cardiac disease. 

What would you want to review before considering 
asthma as the primary reason for the ED visit? 


See Evolve Resources for answers. 


HOSPITALIZATION AND 
RESPIRATORY FAILURE 

Regardless of the care given in the emergency department, 
some children will not respond adequately and will require 
hospitalization. Criteria for hospitalization vary; however, 
continuing deterioration or failure to improve with therapy 
is an indication for intensive monitoring and treatment. 
Yet the treatment within the inpatient unit is not much 
different that the emergency department, with the excep- 
tion of ipratropium bromide, because it is not recom- 
mended after admission. Box 27-8 lists criteria considered 
for hospitalization. 


Box 27-8 


Criteria for Hospitalization 


• Poor response to 4 hours of bronchodilator therapy 

• Requires continuous bronchodilator therapy 

• Previous visit to emergency department within 24 hours 

• Hospitalization with asthma within the past year 

• Previous hospitalization with admission to intensive care unit 

• History of mechanical ventilation for asthma 

• Poor access to medical care 

• Recent increase in need for oral corticosteroids 


Intubation 

If all attempts to reverse bronchospasm and improve air 
flow are futile, careful consideration is given to intubation 
and mechanical ventilation. Diligent patient monitoring is 
essential, and immediate steps are taken once the patient 
demonstrates respiratory muscle fatigue or failure. 

It is best to intubate on a semielective basis rather than 
in an emergent situation, and the clinician most experi- 
enced in managing pediatric airways should perform it. 
Intubation is attempted only under controlled setdngs 
with continuous cardiorespiratory monitoring and resusci- 
tation equipment and medication available. Once intu- 
bated and stabilized, the patient is monitored in a pediatric 
intensive care unit, which may mean transporting the child 
to another medical facility. 

Mechanical Ventilation 

After intubation, the child is mechanically ventilated with 6 
to 8 ml/kg IBW with low to moderate positive end-expiratory 
pressure (PEEP) to assist with distal airway collapse and 
degree of auto-PEEP present. Larger tidal volumes may be 
required if prolonged expiratory times and low rates are used. 
The mode of ventilation and set respiratory rate is determined 
according to the patient”s degree of sedation, peak inspiratory 
pressures generated, oxygenation, and acceptable levels of 
Paco 2 . Initially the Fio 2 is 1.0, with the goal to decrease the 
level to 0.5 or less when able. Ventilation with permissive 
hypercapnia is allowed with an inspiratory-to-expiratory ratio 
that allows for adequate exhalation. See Chapter 18 for the 
use of inhaled anesthetics in this patient population. 

NOTE: If utilizing noninvasive mechanical ventilation a 
moderate to high level of PEEP (>8 cmH 2 0) may be re¬ 
quired to assist with distal airway collapse. 

All patients receiving mechanical ventilation are at risk 
of complications, including auto-PEEP, air trapping, pneu- 
mothorax, hypotension, acute respiratory distress syn- 
drome, and death. The child with asthma is especially 
prone to such problems because of the high degree of air¬ 
way resistance and the need for high inspiratory pressures. 


EXERCISE-INDUCED 

BRONCHOSPASM 

Sometimes referred to as exercise-induced asthma, EIB 
begins during exercise and tends to reach its peak 5 to 
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10 minutes after the child has ceased activity. It may take 
another 20 to 30 minutes for symptoms to spontaneously 
resolve. EIB is caused by a loss of heat and/or water from 
the child’s airway during exercise. This is often caused by 
hyperventilation of cool or dry air. 

The prevalence of EIB has been reported to vary from 40% 
to 90% in children with asthma, with greater prevalence in 
those children with severe asthma. Absenteeism from school 
and poverty have been associated with findings of EIB. Early 
detection of EIB in school-aged children through screening 
could facilitate early treatment, enhance exercise-related ac- 
tivities, and possibly decrease the number of school absences. 
Notifying day care personnel, schoolteachers, and coaches 
that a child has EIB can alert them to monitor symptoms and 
may elicit a more effective response should symptoms occur. 

The diagnosis of EIB is based on a history that is com- 
patible with asthma symptoms that occur with or directly 
after exercise. An exercise challenge can be performed to 
confirm the diagnosis. 

The management of these episodes is generally of a pre- 
ventive nature. Recommended treatment is inhalation of a 
(3 2 agonist, cromolyn sodium, nedocromil, or salmeterol, 
given 5 to 60 minutes before exercise, preferably doser to the 
start of exercise if possible. Providing a S- to 10-minute 
“warmup” period before any exercise is recommended as 
well. An increase or change in long-term control medications 
may be appropriate in some children with EIB. Outdoor 
activities may need to be adjusted if conditions are unfavor- 
able. This is particularly important if the pollen, weed, or 
mold count is elevated. Extreme cold and windy weather are 
also circumstances that may call for more caution to ensure 
that asthma symptoms do not develop during the activities. 
Efforts to prevent EIB require open communication with 
the schoolteacher and coach to allow premedication by the 
student athlete under a physician’s guidance. 


ASTHMA AT SCHOOL 

One third of those with asthma in the United States are 
younger than 18 years of age. Dealing with asthma while at 
school can present problems for the child, the parent, and 
the school personnel. Asthma symptoms can interfere with 
many activities that the school-aged child desires to pursue. 
It is the leading cause of school absences, with an average of 
more than 10 days per year missed. The child with severe 
asthma may miss more than 30 days per year. An obvious 
conclusion drawn from these statistics is that missing 
school may result in poor academic achievement, inability 
to participate in school activities, and low self-esteem. The 
goal of the school-aged child with asthma is to keep symp¬ 
toms under control and participate fully in the physical 
and extracurricular activities the school system may offer. 

Various organizations provide resources to aid in 
the care of children with asthma in the school systems. 
The American Association for Respiratory Care offers a 
program that involves direct education of school adminis¬ 
trators, teachers, and students. It is called Peak Performance 


USA and is available to all members upon request. The edu- 
cational interventions can address each particular school 
because not all schools have similar needs or programs. 
Another similar school intervention is available through 
the American Lung Association. A child-centered, school- 
based asthma education program has been associated with 
an increase in knowledge of asthma, improvement in skilis 
for peak flow meter and inhaler use, and a reduction in the 
severity of asthma symptoms. 3 

School personnel, including teachers, coaches, and 
nurses, need to be familiar with the early warning signs of 
an impending asthma attack and what to do if the symp¬ 
toms are present. It is recommended that a copy of the 
child’s asthma action plan be kept at the school and that 
the teacher and school nurse be familiar with the plan. Un- 
fortunately, many school systems do not employ a nurse 
dedicated to each individual school. Therefore there are oc- 
casions when the nurse is not available and other school 
personnel may need to provide care for the child. It is es- 
sential that the asthma action plan, peak flow meter, and 
rescue medications be readily accessible to school staff. 

Parents can take a proactive role by determining how 
“asthma friendly” the school’s environment is for their 
child. Some key questions to ask are listed in Box 27-9. The 
school budding can present a hostile environment for 


Box 27-9 


Is Your School Asthma Friendly? 

Does the school have a “NO SMOKING” policy for all 
personnel, including teachers and custodial staff? 

Does the school maintain clean indoor air quality? How 
is this ensured? 

Is there a school nurse available at the school at all 
times? If not, how often is she/he there? Is she/he trained 
in pediatric asthma care? 

Can children with asthma take prescribed medications at 
school? Can they carry their rescue medications on their 
person? Must the medications be kept in a locked 
location? 

Does the school have an emergency plan for treating a 
child with a severe asthma episode? 

Does the school staff know the early warning signs ofan 
asthma episode? Do they know the possible side effects 
of asthma medications and how they may impact the 
student’s performance at school? 

Are students encouraged to participate in school 
activities and sports, regardless of having asthma? 

Are less strenuous activities provided if a recent exacerba- 
tion precludes full participation? 

Do teachers and coaches understand that exercise, 
especially in cold air, can trigger asthma? 

Is the school staff provided with opportunities to learn 
about asthma and allergies? 

Is there a copy of the asthma action plan in each 
student’s classroom? 

Do school personnel understand that asthma is not an 
emotional or psychological disease but that strong 
emotions can trigger an acute episode? 
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children with asthma. There are numerous potential trig¬ 
gers found in most schools, including dust mites, mold, 
cockroaches, chalk dust, birds, rodents, animal dander, 
and strong odors (e.g., paint, Chemicals, perfumes, pesti¬ 
cides). Therefore it is essential that these irritants be mini- 
mized or eliminated so that the child with asthma can at- 
tend school without risking further complications. 

ASTHMA CAMPS 

In recent years we have seen a growth in the number of 
asthma camps for children. These camps offer children 
with asthma the opportunity to spend time with other 
children who have the same disorder. This type of experi- 
ence can be priceless. The camps are structured to assist 
children in recognizing symptoms and how to respond to 
them, with particular attention given to use of an asthma 
action plan. Identification of triggers and avoidance tech- 
niques are discussed as well. The proper use of medication 
delivery devices and peak flow meters is also reinforced. 

Positive effects from attending camp include a reduction 
in the rate of post-camp hospitalizations, school absentee- 
ism, and emergency department visits. 40,41 The camps are 
usually operated with a team approach that includes physi- 
cians, respiratory therapists, social workers, and nurses. 

I KEY POINTS 

• Asthma is a chronic yet reversible disease if properly 
maintained and monitored. 

• Proper education and ongoing reinforcement of that 
education are vitally important for the successful 
self-management of asthma. 

• Prolonged expiratory phased ventilation in asthma may 
be required; however, to maintain an adequate alveolar 
ventilation a larger tidal volume will be required. 

• Long-acting (3 agonist (LABA) use may mask symptoms 
of uncontrolled airway inflammation and contribute to 
asthma-related deaths. 

• The use of clinical assessment tools, such as an asthma 
score, can be helpful; however, some indications of 
health, such as breath sounds, can be misleading. For 
example, silent or quiet breath sounds can be an 
ominous sign or a sign of improvement depending on 
the remaining factors of your clinical assessment. 


ASSESSMENT QUESTIONS 

See Evolve Resources for Answers. 

1. The incidence of asthma has done what over the past 
1 0 years? 

A. Remained stable 

B. Increased 

C. Decreased 

D. Decreased in incidence but increased in severity 


2. When gathering information about a patient’s medical 
history it is essential to include: 

A. Recurrent wheezing or chest tightness 

B. Shortness of breath and cough 

C. Nocturnal symptoms 

D. All of the above 

3. Dust mites are better controlled in what environment? 

A. Less relative humidity 

B. When bedding is washed in water hotter than 
130° F 

C. When pillows and mattress are enclosed in 
zippered allergen-impermeable covers 

D. All of the above 

4. When educating a patient or family member it is 
always essential to rememberto: 

A. Not ask open-ended questions 

B. Ask open-ended questions 

C. Try not to maintain eye contact for long 
periods 

D. Avoid questions that deal with a patient’s expecta- 
tions of his or her asthma management 

5. The purpose ofa spacer is to slow aerosol velocity, to 
minimize particle impaction in the oropharynx, 

and to: 

A. Enhance deposition in the lower respiratory 
tract 

B. Allow for larger particles 

C. Decrease the size of the particles 

D. Change aerosol particles to vapor, thus allowing 
better delivery of medication 

6. Omalizumab is generally dosed for patients with IgE 
levels between: 

A. 30 and 1500 IU/L 

B. 30 and 700 IU/L 

C. 500 and 1200 IU/L 

D. 3000 and 5500 IU/L 

7. What is the best way to manage cockroaches? 

A. Carpet removal 

B. Boric acid 

C. Acetic acid 

D. Bleach 

8. Triggers of airflow obstruction include: 

A. Aspirin and nonsteroidal anti-inflammatory drugs, 
exercise, cold air, irritants, gastroesophageal 
reflux, respiratory infections, and psychological 
stress 

B. Aspirin, exercise, cold air, gastroesophageal 
reflux, respiratory infections, and excessive use 
of LABA 

C. Respiratory infections, cold or warm air, psychologi¬ 
cal stress, aspirin, exercise, and anti-inflammatory 
drugs 

9. In adult asthma the inflammatory findings, such as 
eosinophilic airway inflammation, hypergranulation 
of mast cells, increased IgE levels, and increased 
allergic response, are due in part to an inappropriate 
activation of: 

A. CD4+T cells 

B. IL-4 

C. T cells 

D. Th2 cells 
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10. What are the five components of asthma? 

A. Inflammation, acute bronchoconstriction, airway 
edema, mucous plugging, airway hyperrespon- 
siveness, and wheezing 

B. Inflammation, acute bronchoconstriction, airway 
edema, mucous plugging, airway hyperrespon- 
siveness, and airway remodeling 

C. Inflammation, acute bronchoconstriction, airway 
edema, mucous plugging, airway hyperrespon- 
siveness, and increased levels of nitric oxide 

D. Inflammation, acute bronchoconstriction, airway 
edema, mucous plugging, airway hyperrespon- 
siveness, and an allergic presentation 
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LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 


1 . Describe how the diagnosis of cystic fibrosis is made 

5. List the current treatments used to manage cystic 

2. Understand the pathophysiology of cystic fibrosis 

fibrosis pulmonary disease 

3. List the common pulmonary manifestations of cystic 

6. Discuss the overall prognosis of patients with cystic 

fibrosis 

fibrosis 

4. List the common nonpulmonary manifestations of 


cystic fibrosis 


KEY TERMS 


Autosomal recessive 

Bronchiectasis 

Carrier 

Cystic fibrosis transmembrane 
conductance regulator 


Fail ure to thrive 
Genotype 
Heterozygote 
Homozygote 

Immunoreactive trypsinogen 


Meconium ileus 
Newborn screening 
Pancreatic insufficiency 
Phenotype 
Sweat chloride test 


INTRODUCTION 

Cystic fibrosis (CF) is a genetic disorder with primary 
manifestations in the respiratory, digestive, and reproduc- 
tive systems caused by dysfunction of the cystic fibrosis 
transmembrane conductance regulator (CFTR). It was 
first described in 1938 when autopsy studies recognized 
distinet fibrocystic changes of the glandular duets in the 
panereases of severely malnourished infants. 1 


The signs and symptoms of classic CF are related to the 
overproduction of thick, viscous secretions in multiple organ 
systems: 

Chronic obstruction, infeetion, and inflammation of 
the airways 

Exocrine pancreatic insufficiency with malabsorption 

and small bowel obstruction 

Infertility in males 

Elevated sweat chloride levels 
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There is considerable variability in the frequency and 
severity of clinical manifestations and complications, 
some of which are discussed in this chapter. Successful 
care of the child with CF therefore requires a multidisci- 
plinary team approach individualized to the needs of the 
patient. 2 


EPIDEMIOLOGY 

CF has an annual incidence between 1 in 3200 to 3700 
live births and a prevalence of approximately 30,000 
affected individuals in the United States. 3,4 Disease fre¬ 
quency varies in other racial and ethnic groups: 1 in 9200 
Flispanics; 1 in 10,900 Native Americans; 1 in 15,000 
African Americans; and 1 in 31,000 Asian Americans.'’ It 
is estimated that 1 in 28 Caucasians and 1 in 60 African 
Americans in the United States are carriers. 5 In 2010 
the median age at diagnosis was 5 months, down from 
6 months in 2000. 6 


GENETICS AND MOLECULAR 
BIOLOGY 

CF is caused by a defect in the CFTR gene located on the 
long arm of chromosome 7. The gene, which is approxi¬ 
mately 189,000 base pairs in length, was first cloned 
in 1989. /,s The mature CFTR protein is comprised of 1480 
amino acids and functions as a cyclic adenosine mono- 
phosphate-regulated chloride channel that mediates 
the flow of ions and water across the apical membrane 
of epithelial cells lining the airways, intestines, vas deferens, 
biliary tree, sweat duets, and pancreatic duets. 9 CFTR 
dysfunetion alters sodium, chloride, and water transport, 
resulting in thickened, viscous secretions that plug the 
duets of these organs. 

CF is inherited in an autosomal recessive manner. 10 
An individual with CF is a homozygote possessing two 
abnormal CFTR alleles. Each parent of a child with CF 
is an obligate carrier (or heterozygote), possessing one 
normal CFTR allele and one mutated allele. Each child 
of two carriers has a 1 in 4 chance of having CF, a 2 
in 4 chance of being an asymptomatic carrier, and a 1 in 
4 chance of having two normal alleles. Siblings of an indi¬ 
vidual with CF have about a 7 in 10 chance of being a 
carrier; there is a family history in only 17% of newly diag- 
nosed patients. 11 


Box 28-1 


Signs and Symptoms That Should 
Prompt Evaluation for Cystic Fibrosis 


RESPIRATORY 

• Recurrent wheezing 

• Chronic cough 

• Frequent thick sputum production 

• Severe, prolonged, or recurrent sinopulmonary infeetions 

• Sinusitis 

• Bronchitis 

• Bronchopneumonia 

• Respiratory infeetions with pathogens associated with 
cystic fibrosis 

• Staphylococcus aureus 

• Pseudomonas aeruginosa 

• Haemophilus influenzae 

• Burkholderia cepacia complex 

• Persistently abnormal chest radiograph 

• Hyperinflation 

• Persistent atelectasis 

• Bronchiectasis 
Nasal polyps 
Clubbing of the nail beds 

GASTROI NTESTI N AL 
Failure to thrive 

Frequent, greasy, foul-smelling stools 
Rectal prolapse 
Meconium ileus 

Distal intestinal obstruction syndrome 
Pancreatic insufficiency 
Recurrent panereatitis 
HEPATOBILIARY 
Hepatomegaly 
Portal hypertension 
Focal biliary cirrhosis 
Prolonged neonatal jaundice 
Cholestasis 
Cholelithiasis 
REPRODUCTIVE 

Obstructive azoospermia 

Congenital bilateral absence of the vas deferens 
NUTRITIONAL DEFICITS 

Fat-soluble vitamin deficiency (vitamins A, D, E, K) 
Hypoproteinemia, with or without edema 
Hypochloremic metabolic alkalosis 


who presents with these features. Box 28-2 summarizes the 
diagnostic criteria for CF. 12 


DIAGNOSIS 

The diagnosis of CF is based on the presence of one or 
more distinguishing clinical features with biochemical or 
genetic confirmation. Box 28-1 lists signs and symptoms 
that should prompt a clinician to consider an evaluation 
for CF. Even though the disease occurs most often in the 
Caucasian population, it should be considered in the dif- 
ferential diagnosis of a patient of any racial background 


Sweat Chloride Testing 

The gold standard for the diagnosis of CF is the sweat 
chloride test. Normal secretion and resorption of chloride 
in the sweat giands are dependent on adequate CFTR func- 
tion. A sweat chloride concentration 60 mmol/L or greater 
confirms the diagnosis. A concentration between 40 and 
59 mmol/L in infants older than 6 months is considered 
intermediate and should be repeated along with CFTR 
mutation analysis. Normal individuals can occasionally 
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Box 28-2 


Diagnostic Criteria for Cystic 
Fibrosis 


At least one item from each of the following categories must 
be present: 

HISTORY OR CONDITION 

Clinical signs or symptoms consistent with cystic fibrosis 
in at least one organ system 
or 

Sibling with confirmed cystic fibrosis 
or 

Positive newborn screening result for cystic fibrosis 
LABORATORY TESTING 

Sweat chloride level £: 60 mmol/L 
or 

Presence of two disease-causing CFTR mutations 
or 

Abnormal nasal potential difference 
CFTR, Cystic fibrosis transmembrane conductance regulator. 


have elevated sweat chloride concentrations not related to 
CFTR dysfunction. 12 

Sweat chloride testing should be performed according 
to nationally pub lished guidelines at accredited centers. 14 
The sweat is obtained by stimulating the skin on the 
forearm with pilocarpine iontophoresis (Figure 28-1). 15 
Technical error can result in false-negative and false-posi¬ 
tive results. In addition to inadequate sweat collection, 
malnutrition, edema, and hypoalbuminemia can also yield 
false negative results. Therefore, patients with clinical 
features suggestive of CF but normal or borderline sweat 
test results should have the test repeated. Conditions that 
can produce false-positive results include malnutrition, 
eczema, adrenal insufficiency, pseudohypoaldosteronism, 
and hypothyroidism. 16 


CFTR Mutation Analysis 

A diagnosis of CF can be confirmed with the identification 
of two disease-causing CFTR mutations. As of this writing, 
more than 1900 mutations were listed on the Cystic 
Fibrosis Mutation Database (www.genet.sickkids.on.ca/cftr/). 
The most common mutation is a deletion of a phenylala- 
nine residue at position 508 (annotated as F508del or 
AF508), which represents 30% to 80% of all mutations de- 
pending on the ethnic group. 17 Mutations are categorized 
into five functional classes based on the type of defect 
in the formation of the CFTR protein. 18 Generally, class I 
through III mutations cause more severe disease compared 
with class IV or V mutations. 19 There are individuals 
with recognized CFTR mutations (genotype) who may 
not necessarily have the typical clinical manifestations 
(phenotype) of CF. The CF phenotype-genotype correla- 
tion is complex and poses many challenges when trying to 
develop an rational surveillance and care plan. 20 

Nasal Transepithelial Potential 
Difference 

Measuring the difference in voltage potentials across the 
nasal epithelium is another method used in the diagnosis 
of CF, particularly when sweat chloride and CFTR muta¬ 
tion analysis results are inconclusive. 21 However, the avail- 
ability of this test remains limited, and it should only be 
performed at experienced centers. 22 

Newborn Screening 

As ofjanuary 2010, all 50 States and the District of Colum- 
bia included CF in standard newborn screening. 1 ’ The 
most common method is measurement of immunoreac- 
tive trypsinogen (IRT) obtained from a dried heel-stick 
biood sample. Alternatively, many European countries and 
many States in the United States combine IRT detection 
with DNA analysis. 22 Evidence from observational studies 



FIGURE 28-1 Sweat test being performed. The child is held in her mother’s lap while electrodes are 
positioned on her forearm to stimulate the skin to produce sweat. 
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suggest that children with CF identified through newborn 
screening have benefited from earlier diagnosis and initia¬ 
tion of therapy. 24 Indeed, early diagnosis has helped pre¬ 
vent severe malnutrition and improve long-term growth, 2 '' 
and has been associated with reduced therapy. 26 

Not all identified CFTR mutations are associated with 
clinical disease. There are situations when an infant identi¬ 
fied as being at risk for CF with an abnormal newborn 
screening result does not have a diagnostic sweat chloride 
value 60 mmol/L or higher or is found to have up to two 
CFTR mutations, one of which is not recognized as a 
disease-causing mutation. The term CFTR-related metabolic 
syndrome (CRMS) has recently been proposed as a step 
toward developing rational guidelines for this unique pop¬ 
ulation of patients with an indeterminate diagnosis. 2 
Studies suggest that the course of CRMS may be less severe 
compared with those with “classic” CF, 22 though long-term 
prospective data are still lacking. 

PULMONARY DISEASE 

Although CF is a multisystem disorder, pulmonary dis¬ 
ease is the primary cause of morbidity and mortality. 29 
As a result of CFTR dysfunction, there is abnormal so- 
dium, chloride, and water transport across the respiratory 
epithelium. This in turn leads to the production of thick, 
viscous mucus, with a perpetual cycle of airways obstruc¬ 
tion, chronic infection, and airway inflammation. 312 As the 
disease progresses, there is development of bronchiecta- 
sis, or abnormal dilation and distortion of the airways. 
Bronchiectatic airways are more easily collapsible, further 
perpetuating the cycle of obstruction, infection, and 
inflammation. 

Mucus Production and Airway 
Obstruction 

The lungs of a newborn with CF are histologically 
normal at birth. 31 Flowever, airway dysfunction appears 
to begin as early as the first year of life, with the earliest 
pathological change being thickened mucus and plug- 
ging of the submucosal giand duets in the large airways. 32 
These changes appear to precede chronic infection and 
inflammation. 3 - 1 

Gobiet cells and submucosal giands are the predomi- 
nant secretory structures of normal airways. There are 
an inereased number of gobiet cells and hypertrophy of 
submucosal giands in the CF airways, 34 which leads to 
an inerease in secretions and sputum production. Airway 
secretions are relatively dehydrated and viscous. Thick and 
viscid mucus is such a common feature that at one time 
the disease was referred to as “mucoviscidosis”. 35 

Mucociliary clearance is variable in CF, with some 
patients having severe impairment whereas others have 
normal clearance. The reduction in clearance is believed to 
be caused by the inereased volume of respiratory secretions 
and the abnormally thick mucus. Studies have shown the 


cilia from patients with CF to be normal, although chronic 
inflammation may result in a loss of ciliated cells. 36 

Bacterial Infection 

The presence of endobronchial pathogens changes with 
age. Staphylococcus aureus and Haemophilus influenzae typi- 
cally appear early in life, with S. aureus reaching maximum 
prevalence at ages 6 to 17 years and H. influenzae peaking 
at 2 to 5 years of age. 11 A distinetive feature of CF is in¬ 
ereased susceptibility to chronic airways colonization 
and infection with Pseudomonas aeruginosa. Median age of 
acquisition is very early in life, at around 1 year. 37 More 
than 73% of adults with CF in the United States are chron- 
ically infeeted with Pseudomonas. 6 It is strongly associated 
with accelerated lung funetion decline and survival. 38 ’ 39 
Once there is colonization of the airways, Pseudomonas is 
often difficult to eradicate in spite of aggressive antibiotic 
therapy. 40 

Infection with Burkholderia cepacia complex occurs in 
about 2.5% of patients with CF. 4 It was identified as an 
important pathogen in CF in the early 1980s. 41 This or- 
ganism demonstrates in vitro resistance to a number of 
antibiotics. Infection may result in an acute necrotizing 
pneumonia and septic shock. Once colonization occurs, 
there is the possibility of catastrophic deterioration and 
a poorer prognosis for survival. It is often transmitted 
either direetly or indireetly by person-to-person transmis¬ 
sion, with risk factors including hospitalization and having 
a colonized sibling. 42 The emergence of B. cepacia complex 
has profoundly affeeted infection control policies and 
has caused a change in activities and visitation among 
children with CF. 43 The most common isolates in CF are 
B. multivorans (genomovar II) and B. cenocepacia (genom- 
ovar III), the latter of which is associated with a more 
rapid clinical deterioration. 31 The prevalence of methicillin- 
resistant S. aureus (MRSA) has also inereased over the last 
decade 45 and has been associated with poorer outeomes 
compared with those who have never been culture positive 
for MRSA. 46 

Patients with CF who do not respond to antimicrobial 
agents may have colonization of other organisms. These in- 
clude Stenotrophomonas maltophilia, Achromobacter xylosoxidans, 
nontuberculous mycobacteria (particularly Mycobacterium 
avium complex and M. abscessus complex), and Aspergillus 
species. 47 

Airway Inflammation 

Inflammation of the airways is a major component of CF 
and may occur early in the disease process. Recent studies 
of bronchoalveolar lavage fluid from infants suggest 
that airway inflammation is present in those as young 
as 4 weeks old, likely occurring before infection. 48 An 
abundance of neutrophils and the enzyme neutrophil 
elastase may be responsible for the airway destruction 
and inflammatory response found in the lungs of patients 
with CF. 49 
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FIGURE 28-2 Cystic fibrosis. Chest radiographs from a patient at ages 14 years (A) and 22 years 
(B) illustrating the changes of advancing disease. 


Clinical Manifestations 

Nearly half of all patients with CF are diagnosed as a result 
of pulmonary symptoms. 50 The diagnosis of CF should be 
considered in every patient who presents with chronic or 
recurrent lower respiratory tract disorders, including bron- 
chitis, bronchiectasis, pneumonia, and refractory asthma. 
Children with CF have frequent pulmonary exacerbations, 
with the most consistent feature being a chronic cough. The 
cough may be dry and hacking, or it can be paroxysmal with 
the patient gagging, choking, or even vomiting during 
coughing episodes. Sputum often becomes mucopurulent 
and difficult to expectorate. Other symptoms include tach- 
ypnea, retractions, dyspnea, and use of accessory muscles. 
Occasionally, patients will present with hemoptysis and fe¬ 
ver. Wheezing, crackles, rhonchi, and decreased air exchange 
are common findings during auscultation of the chest. 

The chest radiograph in more advanced disease may 
show hyperinflation with flattened diaphragms secondary to 
air trapping (Figure 28-2). Mucus plugging and patchy ate- 
lectasis can also be seen. Diffuse fibrosis, bronchial wall 
thickening, and bronchiectasis are found predominantly in 
the upper lobes. Over time, however, all of the lung fields 
become involved. Pneumothorax occurs most often in older 
patients with more advanced disease and is a result of rup- 
ture of subpleural blebs. The recurrence rate is high at 50% to 
90%.'’ 1 The progressive lung disease and chronic hypoxemia 
lead to an increase in pulmonary vascular resistance, pulmo¬ 
nary hypertension, and cor pulmonale. As cor pulmonale 
progresses, the electrocardiogram shows thickening in the 
wall and enlargement of the right ventricle. 

Pulmonary function testing initially demonstrates 
air flow obstruction. As the disease progresses, both a 


restrictive and an obstructive pattern can be seen, along 
with a decrease in air flow. About 50% of patients with 
CF have a positive methacholine challenge test, which 
indicates airway hyperreactivity. Digital dubbing and 
pulmonary hypertrophic osteoarthropathy are universal 
findings in CF patients with advanced pulmonary dis¬ 
ease. Acute pulmonary exacerbations of CF vary in sever- 
ity and are usually defined by subjective symptoms. Al- 
though there is no clear definition of a CF exacerbation j2j53 
most are associated with the characteristics found in 
Box 28-3. 


Box 28-3 

Signs and Symptoms of a 

Pulmonary Exacerbation in Cystic 


Fibrosis 


• Increased cough 

• Increased sputum production 

• Change in sputum appearance 

• Hemoptysis 

• Dyspnea 

• Tachypnea 

• Chest pain 

• Change in findings of chest physical examination 

• Decrease in oxyhemoglobin saturation 

• Change in chest radiograph 

• Deterioration in pulmonary function 

• Fever 

• Weight loss 

• Decreased appetite 

• Increased fatigue 

• Decreased exercise tolerance 
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TREATMENT OF PULMONARY 
DISEASE 

Treatment of the pulmonary manifestations of CF focuses 
on routine therapy aimed at physically removing thick- 
ened mucus from the airways and pharmacological Con¬ 
trol of infection with the aggressive use of antibiotics. 54 
Each of the various components of respiratory care for the 
child with CF is described in detail. 

Aerosol Therapy 

Aerosol therapy is an important aspect of CF respiratory care 
in the hospital and in the home. A number of medications 
designed to address specific aspects of CF pulmonary disease 
are used and are described in this section. Put together, a 
commonly used sequence is as follows: bronchodilator, 
hypertonic saline, recombinant human DNAse, airway clear- 
ance therapy, maintenance medication (inhaled corticosteroid 
or antibiotic). A more detailed discussion of aerosol therapy 
can be found in Chapter 11. 

Bronchodilators 

Airway hyperreactivity is common in the majority of 
patients with CF. ; Inhalation of a bronchodilator fol- 
lowed with an airway clearance technique is the most 
common treatment regimen used routinely between ex- 
acerbations. Medications used most often include 
short-acting (3 2 agonists, such as albuterol, and anticho- 
linergic agents such as ipratropium bromide. The medi¬ 
cation is delivered with either a metered-dose inhaler or 
a nebulizer. Although bronchodilators are routinely 
used, their responsiveness has been shown to be variable 
in patients with CF. 56,57 Occasionally a patient worsens 
after bronchodilator therapy. 58 In these patients, treat¬ 
ment with ipratropium bromide has resulted in signifi- 
cant improvement in pulmonary function, especially in 
adult patients. 59 Some patients respond better to com- 
bination therapy using albuterol and/or ipratropium 
bromide. 60 Finally, it is important to evaluate for aller- 
gic bronchopulmonary aspergillosis (ABPA) in situa¬ 
tions where there is marked wheezing and deteriorating 
lung function despite seemingly appropriate medical 
management. 62 

Mucolytic Agents 

The sputum of patients with CF is not only produced in 
greater abundance but also has abnormal viscosity. This is 
believed to be caused by increased glycoprotein sulfation 
and the high concentrations of DNA released from dead 
neutrophils. 63 

Recombinant human DNAse (rhDNAse) has been de- 
veloped to reduce the viscosity of purulent CF sputum. 64 
The synthetically produced rhDNase breaks up the thick- 
ened mucus by disrupting the long, sticky DNA mole- 
cules. One study demonstrated significant improvement 


in lung function of patients with mild pulmonary disease 
after receiving aerosolized rhDNase. 651 

Nebulized 7% hypertonic saline is used to facilitate air¬ 
way clearance by rehydrating airway surface layer. Because 
hypertonic saline causes bronchospasm in some patients, 
it is generally recommended to premedicate with a (3 2 ago¬ 
nist. In general, it has been found to be an inexpensive, 
safe, effective additional therapy in CF patients with stable 
lung function. Its use has been associated with a modest 
improvement in lung function and reduced frequency of 
pulmonary exacerbations. 66 A systematic review concluded 
that incorporation of hypertonic saline is beneficial in the 
routine care of children with CF more than 6 years of age. 67 

Airway Clearance Therapy 

As discussed earlier, the pathophysiology of CF lung 
disease involves the production of thick, viscous airway 
secretions resulting in a perpetual cycle of small airways 
obstruction, inflammation, and infection. Thus airway 
clearance therapies are a fundamental aspect of routine 
and acute respiratory care. A more detailed discussion 
of the various techniques and devices can be found in 
Chapter 12. There are limited data establishing superiority 
of any airway clearance therapy modality over others. 68 
Thus selection of a particular airway clearance technique 
or device will largely depend on a combination of factors 
including patient age, disease severity, tolerance, perceived 
benefit, feasibility, and personal preference. It is very com¬ 
mon for an airway clearance therapy regimen to evolve as 
the child matures. 

Antibiotics 

Aerosolized antibiotics such as tobramycin are often 
used as chronic suppressive therapy to treat patients in- 
fected with P. aeruginosa to prolong the time between 
pulmonary exacerbations and to slow the progression of 
lung function decline. A Cochrane review of inhaled to¬ 
bramycin for CF concluded that aerosolized antipseudo- 
monal antibiotics improved lung function. 69 A unit dose 
of 300 mg/S mL is considered standard. It is given twice 
a day for 28-day cycles every other month. Additional 
inhaled antibiotics with antipseudomonal activity in¬ 
clude aztreonam and colistin. 70 However, the main focus 
in the treatment of pulmonary symptoms continues to 
be secretion removal and antibiotic therapy. Because the 
airway infection cannot be eradicated, the goal of antibi¬ 
otic therapy in the treatment of CF is suppression of the 
infecting organism to a level at which clinical symptoms 
are minimal. 11 

Antibiotic Selection 

Antibiotic therapy is usually given for 2 weeks during pul¬ 
monary exacerbations. Antibiotics can be administered 
orally, by nebulization, or intravenously. The choice of 
antibiotic is based on results of the individual patient’s 
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sputum or throat culture and the in vitro sensitivity profile 
of rhe specific organisms. Agents known to be particularly 
effective against S. aureus and Pseudomonas species are usu- 
ally chosen. For patients infected with P. aeruginosa, combi- 
nation therapy with a (3-lactam and an aminoglycoside is 
typically administered. Ciprofloxacin is a common choice 
for an oral antibiotic. Therapy can be extended to cover 
S. aureus if it is also present in the sputum. Because of ab¬ 
normal pharmacokinetics of most antibiotics in patients 
with CF, a higher than normal dose is usually required to 
achieve therapeutic levels. 11 

Hospitalization 

Advances in providing stable long-term vascular access 
have allowed the intravenous administration of antibiotics 
at home, with the patient continuing school or work activi- 
ties. 71 Criteria for proceeding with hospitalization and in¬ 
travenous therapy include severe illness but also moderate 
illness that is unresponsive to home therapy or even mild 
illness complicated by growth failure. If a patient does not 
respond to outpatient management, hospitalization is rec- 
ommended with a 10- to 21-day course of intensive antibi¬ 
otic therapy. Flospitalization for a pulmonary exacerbation 
also includes aggressive treatment to remove secretions. 
Despite timely and aggressive medical therapy, one registry 
study observed that upwards of 25% of patients fail to 
recover baseline lung function after an exacerbation. 

Anti-inflammatory Agents 

Because inflammation of the airways is a significant aspect 
of CF pathophysiology, anti-inflammatory agents are an 
important part of the treatment regimen. 

Macrolide Antibiotics 

Macrolide therapy is a relatively recent addition to the list of 
available anti-inflammatory agents. The specific mechanisms 
by which they improve CF pulmonary disease is not fully 
understood but believed in part to be due to its immuno- 
modulatory effects.'-' Azithromycin is given (in doses of 
250 mg or 500 mg for those weighing less than or greater 
than 40 kg, respectively) three times per week. There are lim- 
ited data on potential long-term side effects with prolonged 
therapy, though recent reports have suggested a possible in- 
crease in risk for nontuberculous mycobacterial infection. 74 

Corticosteroids 

Systemic corticosteroids have been shown in clinical trials 
to improve lung function; however, side effects are serious 
and include growth suppression and increased susceptibil- 
ity to osteoporosis and cataracts. 75 They may, however, 
play a limited role in the management of acute pulmonary 
exacerbations. 76 Studies have reported using inhaled corti¬ 
costeroids in CF with improvement in lung function and 
respiratory symptoms, but the studies had small sample 
sizes and they are currently not recommended for routine 


use unless there is evidence of an asthma component war- 
ranting chronic therapy. 

Ibuprofen 

Ibuprofen has been demonstrated to slow the progression 
of lung disease over a 2-year period. 78 However, specific 
dosing and close pharmacokinetic monitoring are required 
when using this medicationL 9 

Lung Transplantation 

Lung transplantation is an option for CF patients with 
severe and end-stage lung disease. 81 There has been no 
evidence of the redevelopment of CF in the transplanted 
lungs, but new problems related to lung rejection and 
opportunistic infection in patients receiving immunosup- 
pressive agents can occur. Although more than 200 patients 
with CF underwent first-time lung transplantation in 
2010, 6 rate of decline of forced expiratory volume in 
1 second (FEV!) as well as worsening of clinical status are 
key factors in determining the timing of referral for lung 
transplantation. In addition, the median regional waiting 
period for donor lungs for patients with CF may assist in 
the timing of referral. Chapter 21 provides a thorough 
discussion of lung transplantation. 

Small-Molecule CFTR Modulators 

With the approval of ivacaftor by the U.S. Food and Drug 
Administration in January 2012 came a radical shift in the 
approach to CF care and management. Thus far, all the treat¬ 
ment modalities discussed in this chapter have focused on 
the downstream effects of CFTR dysfunction. Ivacaftor and 
other small-molecule CFTR modulators currently in devel- 
opment represent a class of medications specifically designed 
to reverse the underlying cause of CF-related disease. Iva¬ 
caftor is an oral CFTR “potentiator,” increasing chloride 
transport function among individuals with at least one copy 
of the G551D (class III) mutation. 82 Another class of CFTR 
modulators are CFTR “correctors,” which are designed to 
facilitate intracellular trafficking of the CFTR protein to 
the cell surface. 83 The long-term benefits and potential side 
effects of small-molecule CFTR modulators remain to be 
seen. Nevertheless, it represents a significant step toward the 
development of personalized, allele-specific therapy. 

NONPULMONARY 

MANIFESTATIONS 

Although pulmonary compromise is the main factor that 
limits longevity in patients with CF, there are a number 
of other organ systems affected by the disease. Certain 
conditions can prompt consideration of the diagnosis 
of CF. Common conditions include meconium ileus 
(obstruction of the small bowel with meconium in neo- 
nates), prolonged neonatal jaundice, rectal prolapse, and 
failure to thrive (global growth failure). 
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Upper Airway Disorders 

Nearly all patients with CF have sinusitis, most often in- 
volving the maxillary and ethmoid sinuses. It is often dif- 
ficult to control in spite of oral and intravenous antibiotic 
therapy. The abnormally thick mucus that is characteristic 
of CF occludes the sinus passages and prevents drainage. 84 
These patients also have a high incidence of nasal polyps, 
occurring most often in the older child and adolescent. 
More than half the patients who require surgical removal 
of the polyps experience a recurrence. CF should be sus- 
pected in children who present with chronic sinusitis and 
nasal polyposis. 

Gastrointestinal Disorders 

Pancreatic Insufficiency 

More than 90% of patients with CF have pancreatic insuf¬ 
ficiency. CFTR dysfunction results in insufficient secretion 
of pancreatic fluid, which causes plugging and obstruction 
of the pancreatic duets. Siblings with CF often share simi- 
lar degrees of pancreatic insufficiency. 85 Symptoms are 
controlled with supplementation of pancreatic enzymes. 
Therapy is individualized to weight and caloric intake, and 
supplements must be taken at each meal. Formula and 
breast-feeding infants require supplementation with each 
feeding, and older children also require supplementation 
with snacks. 

Failure of the panereas to produce sufficient enzymes 
results in malabsorption of fat and protein. The presence 
of steatorrhea, which is excessive loss of fat in the stool, is 
often the first indication of CF. These children frequently 
produce bulky, foul-smelling, oily stools and may experi¬ 
ence rectal prolapse. Complaints of constipation or stom- 
ach cramps, especially after eating, can lead to a decrease in 
appetite and oral intake. Infants often present with failure 
to thrive, failing to gain weight in spite of a voracious 
appetite and meet developmental milestones. Other clini- 
cal consequences include hypoproteinemia with or without 
edema and deficiency of vitamins A, D, E, and K. 

The incidence of diabetes mellitus is mueh greater in 
children with CF than in the general pediatric population. 88 
As fibrosis of the panereas progresses, endocrine funetion 
becomes affeeted and CF-related diabetes (CFRD) can de- 
velop. 86 At 10 years of age, there is an inereasing incidence of 
CFRD and annual screening with an oral glueose tolerance 
test is recommended. 6 Weight loss is usually the first symp¬ 
tom. Initiation of insulin therapy has been associated with 
inereased body mass and improved lung funetion. 

Meconium lleus and Distal Intestinal 
Obstruction Syndrome 

Failure to secrete water into the gut is another manifestation 
of CFTR dysfunction, and abnormal intestinal electrolyte 
and water transport can lead to a number of disorders. 
The earliest clinical manifestation of CF may be meconium 
ileus. 89 Occurring at birth, nearly every full-term infant who 


has meconium ileus is considered to have CF until proven 
otherwise. Presentation includes abdominal distention, 
vomiting, and abdominal radiographs showing distended 
loops of bowel with gas bubbles trapped among meconium, 
giving a ground-glass appearance. With an incidence higher 
in older patients, distal intestinal obstruction syndrome 
occurs when the thick, sticky stool of the patient with CF 
adheres to the bowel wall and obstructs the small intestine 
and colon. Only rarely is this seen in a patient with pancre¬ 
atic sufficiency. 

Rectal Prolapse 

Episodes of rectal prolapse are related to malnutrition, ab¬ 
normal stooling patterns (e.g., diarrhea, constipation), and 
inereased abdominal pressure with frequent coughing. 
Onset rarely occurs after 5 years of age. 87 The association 
with CF is so great that a sweat test should be considered in 
any child presenting with rectal prolapse. 

Gastroesophageal Reflux Disease 

Patients with CF often experience heartburn and gastric 
reflux, especially those with advanced pulmonary dis¬ 
ease. 90 ’ 91 This may be the result of frequent coughing and 
inereased abdominal pressure. Treatment includes dietary 
restrictions and often long-term acid-suppression therapy 
with proton pump inhibitors or histamine-2 blockers. 

Hepatobiliary Disorders 

The hepatobiliary manifestations of CF occur less often 
than the gastrointestinal disorders. Serious complications 
are uncommon before adolescence. Cirrhosis and portal 
hypertension are the most common hepatic disorders 
that occur in patients with CF, although only 2% to 4% 
of patients with CF develop any apparent liver disease. 92 
Prolonged neonatal jaundice may also occur in neonates 
and should raise suspicion for CF. 

Gallbladder abnormalities are common in patients with 
CF. 93 Microgallbladder is the most common biliary tract 
disorder. It is believed that mucus obstruction of the cystic 
duet results in atrophy of the gallbladder. Most patients are 
asymptomatic. The incidence of abnormalities inereases 
with age, with gallstones occurring quite commonly in 
patients with pancreatic insufficiency. Cholecystectomy is 
considered in patients who are symptomatic with recurrent 
abdominal pain. 

PROGNOSIS 

Earlier diagnosis through the recent establishment of 
nationwide newborn screening and advances in CF care 
has resulted in continually improving outeomes. In 2010 
the median predicted age of survival was 38.3 years, sub- 
stantially inereased from 27 years in 1986. 4 This is a long 
stride from the life expectancy of less than 1 year when CF 
was described by Anderson in the late 1930S. 1 Although 
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patients with CF continue to survive longer, some children 
still succumb to the disease before reaching adulthood in 
spite of advances in diagnostic techniques and treatment. 
We know that various factors influence a patient’s prog- 
nosis, including the progression of pulmonary disease, 
the involvement of other organ systems, nutritional sta¬ 
tus, and the home environment. Investigations to better 
understand and even modify these factors will make a dif¬ 
ference in the lives of many children. The respiratory 
therapist is an essential member of the CF multidisci- 
plinary care team delivering direct care to every patient. In 
addition, the therapist assesses, teaches, and periodically 
reviews the most effective airway clearance technique for 
each patient. 


KEY POINTS 


• CF is a clinical diagnosis corroborated by laboratory 
testing (biochemical and/or genetic). 

• CFTR dysfunction results in thick and viscous secre¬ 
tions in the airways and other organ systems. 

• The majority of CF care and management focuses on 
the downstream effects of CFTR dysfunction (airway 
clearance, anti-inflammatory agents, antibiotics, nutri- 
tion), though there may soon be an increase in the use 
of medications that reverse the underlying cause of 
CF-related disease. 

• Though lung disease is the primary cause of morbidity 
and mortality, there are a number of nonpulmonary 
manifestations of CF. 

• With advancements in many aspects of CF care, overall 
prognosis continues to improve. 



ASSESSMENT QUESTIONS 


See Evolve Resources for the artswers. 


1. Which of the following are true regarding the diagnosis 

of cystic fibrosis? 

A. The sweat chloride concentration is 60 mmol/L or 
greater. 

B. CFTR mutation analyses may be helpful when con- 
sidering a diagnosis of CF. 

C. Nasal transepithelial potential difference measure- 
ments may assist in the diagnosis of CF. 

D. There may or may not be a history of CF in a 
sibling. 

E. All of the above 

2. The increased production of thick, viscous airway 

secretions ofa patient with CF are caused by all of the 

following except: 

A. Abnormal cilia 

B. Increased gobiet cells 

C. Hypertrophied submucosal giands 

D. Both A and C 


3. CF can present with which of the following signs and 
symptoms? 

A. Chronic airway obstruction 

B. Pancreatic insufficiency and malnutrition 

C. Male infertility 

D. Clubbing of the nail beds 

E. All of the above 

4. Bacterial pathogens commonly encountered in an 
individual with CF include all of the following except: 

A. Staphylococcus aureus 

B. Pseudomonas aerugjnosa 

C. Burkholderia cepacia c omplex 

D. Salmonella species 

E. Haemophilus influenzae 

5. Which of the following factors influence selection of 
a particular airway clearance therapy method? 

A. Patient age 

B. D isease severity 

C. Perceived benefit 

D. Personal preference 

E. All of the above 

6. Which of the following medications are used in the 
management of CF pulmonary disease? 

A. Albuterol 

B. Ipratropium bromide 

C. Nebulized antibiotics such as tobramycin 

D. Nebulized 7% hypertonic saline 

E. All of the above 

7. The chest radiograph ofa patient with cystic fibrosis 
can have all of the following except: 

A. Hyperinflation with flattened diaphragms 

B. Diffuse fibrosis and bronchiectasis 

C. Blebs and pneumothoraces 

D. Patchy atelectasis 

E. All of the radiographic findings may be seen 

8. Which of the following is true regarding small-molecule 
CFTR modulators? 

A. Ivacaftor, an oral CFTR potentiator, is indicated 
for all patients with CF. 

B. Unlike other treatments to date, they represent 
a new class of medications that are designed 
to reverse the underlying cause of CF-related 
disease. 

C. Data on the long-term benefits and potential side 
effects are not yet available. 

D. Both B and C 

9. In 2010 the median predicted age ofsurvival among 

patients with CF was_years. 

A. 10 

B. 15 

C. 25 

D. 38 

10. The most common upper airway problems encountered 
by children with CF include: 

A. Nasal polyps 

B. Sinusitis 

C. Croup 

D. Subglottic stenosis 

E. Both A and B 
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LEARNING OBJECTIVES 

After reading this chapter, the reader will be able to: 


1. Define the criteria to diagnose acute respiratory 

5. Apply appropriate ventilator strategies in conventional 

distress syndrome 

mechanical ventilation of patients with acute respiratory 

2. Describe the pathological stages of acute respiratory 

distress syndrome 

distress syndrome 

6. Outline adjunct therapies in the management in the 

3. Describe the pathophysiology of acute respiratory 

management of acute respiratory distress syndrome 

distress syndrome 

7. Understand the role of high-frequency ventilation 

4. Explain the clinical approach to the management of 

and extracorporeal membrane oxygenation in the 

the patient with acute respiratory distress syndrome 

management of acute respiratory distress syndrome 

KEY TERMS 


Acute lung injury Inflammatory mediators Open lung strategy 

Acute respiratory distress syndrome Lower inflection point Oxygenation index 

Hypoxemia Low tidal volume ventilation Permissive hypercapnia 


Acute respiratory distress syndrome (ARDS) repre¬ 
sents an acute lung injury characterized by pulmonary 
edema and alveolar collapse secondary to the disruption 
of the alveolar-capillary membrane and surfactant dys- 
function. Subsequently hypoxemia and widespread in- 
filtrates on chest radiograph can occur after a variety 
of pulmonary and nonpulmonary insults. Pulmonary 
edema in the absence of heart failure was initially de- 
scribed almost a century ago. These conditions were 
originally known by the inciting injury rather than the 
overall clinical manifestation and included such names 


as shock lung, noncardiogenic pulmonary edema, and 
traumatic wet lung. 1 In 1967, Ashbaugh and colleagues 2 
recognized ARDS in 12 patients as a constellation of 
pathophysiological findings that were precipitated by a 
variety of insults, highlighting ARDS as a final common 
pathway initiated by local or systemic insults. 

DEFINITION 

The simplest clinical definition of ARDS is a diffuse, hypox- 
emic acute lung injury. Radiographically, there are bilateral 
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FIGURE 29-1 Chest radiograph of a patient with ARDS. 
Note the infiltrates in all five lobes, the air bronchograms that 
appear as a result of areas of consolidation, and the loss of 
lung volume. 

areas of consolidation with air bronchograms that reflect 
alveolar filling and atelectasis (Figure 29-1). Clinically, the 
patient demonstrates moderate to severe respiratory failure, 
hypoxemia, and decreased pulmonary compliance. In 1994 
the American-European Consensus Conference on ARDS 
(AECC) was charged to formally define ARDS, provide uni- 
formity and clarity in diagnosis, and facilitate comparison of 
clinical investigations (Table 29- 1). 3 Elowever, the AECC 
definition has several limitations. The time frame of “acute 
onset” was not specifically defined; there was often moderate 
interobserver variability in defining bilateral infiltrates on 
chest radiographs, and some patients with ARDS have ele- 
vated pulmonary artery wedge pressure because of increased 
pleural pressure or aggressive fluid resuscitation. Despite 
these limitations, the AECC definition has facilitated con- 
duct of many landmark trials in ARDS. 


To address these limitations, a consensus panel was 
held in Berlin in 2011 to revise the definition for ARDS 
(see Table 29-1). 4,5 

In contrast to the AECC definition, the Berlin defini¬ 
tion specifies the time frame for the development of ARDS, 
better defines the nature of infiltrates on radiological 
investigations, moves away from the need for invasive pul¬ 
monary artery measurements if risk factors for ARDS are 
present, incorporates positive end-expiratory pressure 
(PEEP) in the definition of severity of hypoxemia, and 
finally merges the previous term acute lung injury (ALI) 
into the subgroup of mild ARDS. 

An alternative objective scoring system used in the 
clinical setting of ARDS is the oxygenation index (OI) 6 ' 9 : 

OI= (Paw X Fl0 2 )/ Pa0 2 X 100 

where Paw is the mean airway pressure, Fio 2 is the frac- 
tion of inspired oxygen, and Pao 2 is the arterial oxygen 
tension. The OI equation accounts not only for the ratio of 
administered Fio 2 to arterial oxygenation but also the 
mean airway pressure during mechanical ventilation sup¬ 
port. OI has been correlated with outcome, can be objec- 
tively used to define entry or response criteria for clinical 
studies, and can describe criteria for more highly invasive 
therapies such as extracorporeal membrane oxygenation 
(ECMO). 6 ' 9 Whether the degree of hypoxemia as provided 
by the Berlin definition in determining severity of ARDS 
correlates well with OI remains to be determined. 

ETIOLOGY 

ARDS can be caused by numerous insults (risk factors) 
that both directly and indirectly affect the lung via the 
generation of inflammatory mediators. Direct pulmo¬ 
nary insults include pneumonia, aspiration, chest trauma, 
and smoke inhalation. Indirect lung injury may be the 


TABLE 29-1 


Comparison Between the AECC’s Definition and the Berlin Definition of ARDS 



AECC Definition 1994 3 

Berlin Definition 2011 4 S 

Time of onset of respiratory 
symptoms 

Acute 

Within 1 week of known clinical insult or new/worsening 
respiratory symptoms. 

Radiological findings 

Frontal CXR with bilateral infiltrates 

Bilateral opacities that are not fully explained by effusions, 
lobar/lung collapse, or nodules. Can be either on CXR 
or CT scan. 

Degree of hypoxemia 

ALI: Pao 2 : Fio 2 < 300 

ARDS: Pao 2 /Fio 2 £ 200 

With PEEP > 5 

Mild ARDS: Pao 2 /Fio 2 201-300 

Moderate ARDS: Pao 2 /Flo 2 £ 200 

Severe ARDS: Pao 2 /Flo 2 ^100 

Origin of pulmonary edema 

No clinical evidence of left atrial 
hypertension as defined by a 
pulmonary artery wedge pressure 
£ 18 mm Hg, if measured 

Risk factors for ARDS must be present. Respiratory failure 
that is not fully explained by cardiac failure or fluid overload. 
If no risk factors are present, objective assessment (e.g., 
echocardiography) is required to exclude hydrostatic edema. 


AECC, American-European Consensus Conference on ARDS; ALI, acute lung injury; ARDS, acute respiratory distress syndrome; CXR, chest radiograph; 
CT, computed tomography; F 1 O 2 , fraction of inspired oxygen; Pac> 2 , arterial oxygen tension; PEEP, positive end-expiratory pressure. 
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result of generalized systemic conditions, such as sepsis, 
closed head injury, multiple trauma, transfusion reactions, 
and hemorrhagic shock. Although numerous insults may 
generate an inflammatory response, innate genetic differ¬ 
ences regulate the immune responses of the lungs and are 
important in pathogenesis and determining mortality 
from ARDS. 10 ’ 11 

PREVALENCE 

The diversity of underlying etiologies makes it difficult to 
determine the true prevalence of ARDS. Several studies 
agree that of all adult intensive care unit (ICU) admissions 
approximately 7% of patients meet the AECC ARDS diag- 
nosis criteria. 3,8,12,13 A European study (ALIVE) involving 
78 ICUs from 9 countries in which all patients (n = 5457) 
were admitted to one of the participating units for at least 
4 hours during a 2-month study period reported that 7.4% 
had, or developed, ALI/ARDS. 14 However, this study noted 
considerable variations in the occurrence of ALI/ARDS 
among countries ranging from 1.7% to 19.5%. 14 This study 
indicates that although diagnostic criteria may be the 
same, interpretation and/or true prevalence of ARDS 
does vary between countries and possibly within countries. 
Future epidemiological studies in ARDS using the Berlin 
definition will hopefully give more robust data. 

The prevalence of pediatric ARDS appears to be lower 
than for adults. 13,16 In a large study (n = 6235) conducted 
in the United States, 828 (13%) patients who required 
mechanical ventilation had ARDS. This study reported 
an incidence rate of 16 per 100,000 person-years for pa¬ 
tients 15 to 19 years old compared with an incidence 
rate of 306 per 100,000 person-years for patients 75 to 
84 years old. 1 ’ In a follow-up study involving children 
younger than 18 years, the incidence rate was 12.8 per 
100,000 person-years. 16 A more recent study conducted 
in Europe involving 21 pediatric ICUs (PICUs) showed 
a much lower incidence rate of 3.9 per 100,000 person-years 
in children 15 years old or younger. 17 The low incidence of 
ARDS in children is also reflected by the faet that ARDS 
accounted for a small proportion (1.4% to 2.7%) of all PICU 
admissions. 18,19 

CLINICAL COURSE 

Respiratory distress and failure are clinical diagnoses of 
a pulmonary system that is no longer capable of providing 
normal gas exchange. The term respiratory distress indicates 
that the patient is using compensatory mechanisms to 
preserve adequate gas exchange. Respiratory failure is a 
late clinical finding resulting from the failure of these 
compensatory mechanisms. 

Respiratory failure indicates the need for either nonin- 
vasive or invasive respiratory support. The main funetion 
of the respiratory system is to provide adequate oxyg- 
enation and carbon dioxide elimination. In the setting 


of acute respiratory failure, the lungs are unable to pre¬ 
serve adequate gas exchange. Subsequently, tissue oxygen 
delivery can be impaired, resulting in anaerobic metabo- 
lism and lactic acid formation. Additionally, ventilation 
can be inadequate resulting in hypercapnia and worsening 
acidosis. In patients with ARDS, impairment of oxygen- 
ation is an early finding, whereas impairment of ventila¬ 
tion occurs much later in the disease process. 20 

Respiratory disease, especially in infants and young 
children, can rapidly progress from respiratory distress to 
the acute onset of respiratory failure and significant im¬ 
pairment in gas exchange. Although respiratory failure is 
classically described by arterial biood gas values (Pao 2 less 
than 60 mm Hg and/or Paco 2 greater than 50 mm Hg), 
clinically it is best recognized at the bedside as a syndrome 
of the progression of the physical signs and symptoms 
of respiratory distress. Infants and young children are 
particularly prone to developing respiratory distress and 
failure because of the following: 

Smaller caliber of airways resulting in a greater resis- 
tance to air flow 

■ Increased chest wall compliance, which can cause para- 
doxical breathing and restrict lung capacitance as a 
result of chest wall retractions as may occur with force¬ 
ful inspiratory effort 

Greater propensity for rapid fatigue of the respiratory 
muscles and the diaphragm 

However, the progression of respiratory failure to ARDS 
is more likely to occur in adult patients as indicated by the 
prevalence data as described earlier. 13,16 

Stages of ARDS 

The clinical course of ARDS is characterized by distinet 
clinical, radiographic, and pathological manifestations. 21 
The first stage consists of direct or indirect acute injury to 
the lung tissue. Clinically patients may display mild tach- 
ypnea and dyspnea and tend to have normal radiographic 
findings. The second stage, or latent period, lasts a variable 
period after the onset of acute injury. During this time the 
patient may appear clinically stable but begins to develop 
early signs of pulmonary injury or insufficiency mani¬ 
fested by hyperventilation with hypocarbia and respiratory 
alkalosis. The chest radiograph may remain clear or may 
begin to demonstrate a fine reticular pattern related to the 
development of pulmonary interstitial fluid. 2,23 

The third stage, acute respiratory failure, is heralded by 
the rapid onset of respiratory failure with hypoxemia re- 
fractory to supplemental oxygen. Diffuse pulmonary 
edema and worsening compliance cause significant atelec- 
tasis and intrapulmonary shunting. Clinically patients 
develop rapid, shallow tachypnea with increased work of 
breathing. The physical signs of respiratory failure vary 
with age and include subeostal and supraclavicular retrac¬ 
tions, grunting (i.e., an attempt to generate an increased 
intrinsic PEEP), nasal flaring, and head bobbing. Lung ex- 
amination usually reveals diffuse crackles on auscultation. 
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Radiographically there are bilateral areas of consolidation 
with air bronchograms that reflect alveolar filling and ate- 
lectasis (see Figure 29-1). 22,23 A significant percentage of 
these patients will require endotracheal intubation and 
mechanical ventilation. However, noninvasive ventilation 
may be an alternative for a subgroup of patients with mild 
ARDS. 24 - 25 

Mortality 

Most studies indicate that mortality associated with ARDS 
is due to nonrespiratory causes (i.e., patients die with, rather 
than of ARDS). 13,26,2 In a cohort study of 416 adult patients 
with ARDS over a spån of 8 years, Stapleton et al. reported 
that sepsis syndrome with multiple organ failure (MOF) is 
the most common cause of mortality (30% to 50%), whereas 
respiratory failure only accounted for a small percentage 
(13% to 19%) of deaths. 28 The severity of hypoxemia in 
ARDS is a risk factor for mortality. This is evident from 
increasing mortality rates in the three different groups 
under the Berlin definition (mortality rate of 27% [mild] vs. 
32% [moderate] vs. 45% [severe]). 4 However, given the faet 
that most patients with ARDS die from causes other than 
direetly from respiratory failure, other factors also modu- 
late the mortality in patients with ARDS. In adults, these 
factors include age, severity of disease, and predisposing 
conditions for ARDS. 29 

Recent published systematic reviews suggest that mortal¬ 
ity from ARDS is declining 30,31 ; however, the reason behind 
this overall improvement in outeome is not clear. Except for 
low tidal volume ventilation, no single intervention for 
adult ARDS has been clearly shown to decrease mortality. 32 
This highlights the pressing need for development of effee- 
tive management strategies for ARDS. 

Mortality rates for pediatric ARDS are generally ac¬ 
cepted as lower compared with adults ARDS. A large report 
of 328 PICU admissions for ARDS indicated a mortality 
rate of 22%. 33 This prospective evaluation additionally 
demonstrated that, as in adults, pneumonia, sepsis, and 
aspiration are the most common causes of ALI and ARDS 
in children. More recent data, albeit involving a smaller 
number of children with ARDS, showed a fairly similar 
mortality rate of 18%. 16 

PATHOLOGY AND ROLE 
OF IMMUNOMODULATORS 
Pathology/Pathophysiology 

The clinical stages of ARDS coincide with three pathological 
stages, namely the exudative stage, the proliferative stage, 
and the fibrotic stage. The exudative stage is marked by the 
development of diffuse injury to the alveolar-capillary mem- 
brane. Influx of inflammatory cells and mediators destroy 
type I pneumocytes, resulting in sloughing of these cells and 
subsequent formation of a protein-rich hyaline membrane 
on the denuded basement membrane. Furthermore, activa- 
tion of the endothelium and leukocytes results in barrier 


dysfunetion and the formation of microthrombi within the 
vasculature, which contributes to the propagation of acute 
lung injury and alterations in pulmonary vascular tone. 
Disruption of both the epithelial and endothelial surfaces of 
the alveolar-capillary membrane significantly inereases per- 
meability and results in flooding of the alveoli with protein- 
aceous fluid. 

The loss of the alveolar-capillary integrity and the sub¬ 
sequent development of pulmonary edema in both the 
interstitial and alveolar spaces are due to both altered 
capillary permeability and oncotic gradients early in the 
disease process and to inereases in pulmonary vascular re- 
sistance in later stages of ARDS. Pulmonary compliance is 
significantly worsened by the presence of edema and can 
result in widespread atelectasis. Pulmonary compliance is 
further impacted by the inactivation of surfactant that re¬ 
sults from the presence of plasma protein, such as fibrin, 
and inflammatory mediators, such as proteinases, in the 
alveolar space. 34,35 The development of microthrombi 
within the pulmonary vasculature together with the re- 
lease of numerous vasoactive mediators from inflamma¬ 
tory cells and the activated endothelium contributes to the 
development of pulmonary hypertension and further con¬ 
tributes to the ventilation/perfusion abnormalities charac- 
teristic of ARDS. The degree of epithelial injury and the 
subsequent ability to clear edema fluid, as well as the 
reversibility of pulmonary hypertension, are important 
predictors of outeome in ARDS. 36,37 

The proliferative stage occurs 1 to 3 weeks after the 
initiation of injury and is characterized by an attempt to 
repair the disrupted epithelium. This involves the prolif- 
eration of type II pneumocytes to replace type I cells on the 
denuded basement membrane and to begin to replace sur¬ 
factant. Although the turnover of type II cells is typically 
low, it accelerates after acute lung injury, and these cells 
may differentiate abnormally. 38,39 Epithelial repair requires 
not only the close coordination of numerous growth fac¬ 
tors but also an intact basement membrane to provide a 
platform for cell adhesion and migration. 40 Inflammatory 
cells continue to be reeruited to phagocytose hyaline mem¬ 
brane and debris, which provides a framework for the 
elaboration of fibrous tissue. 41 Alternatively, fibroblasts 
proliferate to convert hemorrhagic exudates into cellular 
granulation tissue. 

The ability of the lung to recover depends on the pres¬ 
ence of funetional epithelium to clear the alveolar fluid and 
the body’s ability to attenuate the inflammatory process. If 
lung injury and inflammation persist, the patient may de- 
velop severe physiological abnormalities and may progress 
to the fibrotic stage of ARDS. This injury can be seen as 
early as 5 to 7 days after the onset of disease, although this 
is more definitive after several weeks. Histologically, the 
alveolar space becomes filled with mesenchymal cells, and 
lung tissue is replaced by collagenous tissue. 42 In addition, 
there is inereased evidence of angiogenesis (new growth 
of biood vessels from preexisting ones). Vascular changes 
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occur throughout the later stages of ARDS with oblitera- 
tion of small precapillary vessels and an increase in the 
medial thickness of intraacinar pulmonary arteries. Over¬ 
all, these changes markedly decrease the available surface 
area for gas exchange and result in intractable respiratory 
failure or chronic lung disease, potentially requiring pro- 
longed ventilator support. Treatment strategies seek to 
avoid this final, intractable stage of ARDS. 

Inflammatory Mediators 

Numerous mediators of inflammation are implicated in 
the pathogenesis of ARDS. 43,44 It is unclear, however, 
whether some of these mediators directly cause ARDS or 
are a secondary product of the inflammation resulting 
from lung injury. Direct lung injury from aspiration or 
smoke inhalation, for example, may result in inflamma¬ 
tion and the release of inflammatory cytokines that aug- 
ment microvascular permeability. Regardless of whether 
inflammatory mediators are primarily or secondarily in- 
volved in the pathogenesis of ARDS, they are clearly 
complex contributors to its development. The effects of 
mediators and inflammatory cells involved in ARDS, as 
well as those of their regulatory molecules, are tightly 
interwoven and ultimately result in a balance between 
pro- and anti-inflammatory and pro- and antiedematous 
factors. 45 Although inflammatory mediators could them¬ 
selves disrupt the capillary-alveolar membrane, they may 
also create effects that keep the inflammatory response in 
check. This may account for the lack of success of pharma- 
cological inhibitors to decrease the mortality associated 
with ARDS. Research efforts continue to investigate po¬ 
tential ways to more effectively modulate the inflamma¬ 
tory response during ARDS. 43,45,46 Ongoing research also 
focuses on finding novel biomarkers to predict morbidity 
and mortality of patients with ARDS. 47 

PULMONARY MECHANICS 

ARDS alters pulmonary mechanics in several ways. The 
loss of surfactant function, coupled with the develop¬ 
ment of edema around and within the alveoli, leads to 
alveolar collapse. The result is a decreased lung compli- 
ance, lung volume, and functional residual capacity. This 
is associated with a large intrapulmonary shunt fraction 
that contributes to the significant hypoxemia associated 
with ARDS. 

During ARDS, marked hysteresis of the pressure-volume 
loop occurs, such that significantly higher transpulmonary 
pressures are necessary to achieve a given lung volume on 
inspiration than on expiration. The point on the pressure- 
volume loop where the shape changes from concave to ex- 
ponential is known as the lower inflection point. It reflects 
the pressure point at which alveoli begin to open and is 
located above functional residual capacity (Figure 29-2). 
This suggests that many gas exchange units will collapse at 
normal transpulmonary pressures in acutely injured lungs 



Pressure in cm H 2 0 

FIGURE 29-2 Representation ofthe pressure-volume (compli- 
ance) loop in ARDS. Below the inflection point is the pressure 
at which the alveoli begin to collapse, leading to loss of lung 
volume, or functional residual capacity. 


and may need significant PEEP to maintain patency during 
expiration. The clinical application of recruitment maneu- 
vers followed by maintenance with an appropriate level of 
PEEP to prevent alveolar collapse is known as the open 
lung strategy . 48,49 

Finally, lung injury and areas of involvement in ARDS 
are heterogeneous and not uniform through all lung 
units. Some areas of the lung, typically in the dependent 
regions, are grossly affected. Other regions of the lung, 
typically in the nondependent regions, may be relatively 
unaffected. 50 This creates varying areas of compliance 
within the lung itself. Dependent regions are generally 
fluid filled, atelectatic, and noncompliant. Nondependent 
areas are relatively normal and thus at risk for overdisten- 
tion (i.e., volutrauma) and barotrauma during mechanical 
ventilation. 

TREATMENT/VENTI LATORY 
SUPPORT 

Management of the patient with respiratory distress or 
failure includes an assessment of airway, breathing, and 
circulation (“ABCs”). Prompt cardiopulmonary resusci- 
tation is vital to restoring adequate systemic oxygen 
delivery. Identification and targeted therapy for the un- 
derlying etiology and elimination of any potential source 
for exacerbation of the disease is a critical first step in 
treatment. 

The goal in the treatment of ARDS is to treat the 
underlying disease (if possible), achieve adequate (but 
not necessarily optimal) tissue oxygenation, and avoid 
complications. All ARDS patients require supplemental 
oxygen, and most require mechanical ventilation. Tissue 
oxygenation is provided by ensuring adequate cardiac 
output and hemoglobin levels. Overhydration could aug- 
ment pulmonary edema, so fluids should be carefully 
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titrated and monitored to normalize volume and main- 
tain cardiac output. Antibiotics are used to treat pneu¬ 
monia and sepsis. Adequate nutrition should be provided 
to optimize caloric intake. 

Every patient with ARDS is hypoxemic by definition. 
Prolonged administration of high concentrations of oxy¬ 
gen can damage the lungs because of the formation of 
highly reactive oxygen free radicals. Human and animal 
studies suggest that a prolonged Fio 2 greater than 0.60 
should be avoided to prevent oxygen-induced pulmonary 
damage. 5103 However, the exact Fio 2 cutoff for oxygen tox- 
icity in the ARDS patient remains unknown and may be 
less than 0.60. 

Positive End-Expiratory Pressure 

The mainstay in treating ARDS is the administration of 
PEER No gas exchange will occur in atelectatic or fluid- 
filled alveoli. PEEP helps maintain alveolar patency and 
restore functional residual capacity. PEEP also maintains 
the transthoracic pressure above the point at which addi¬ 
tional alveoli will collapse during expiration. PEEP is 
typically increased to a level that allows adequate oxygen- 
ation as defined by an arterial oxygen saturation (Sao 2 ) of 
85% or greater at an acceptable Fio 2 of 0.60 or less. It 
should be noted that the minimal acceptable arterial oxy¬ 
gen saturation remains very controversial. 34 A PEEP level 
of 10 to 15 cm H 2 0, or even higher, may be required to 
achieve adequate oxygenation. However, as PEEP levels 
exceed 12 to 15 cm H 2 0, the increase in intrathoracic 
pressure may adversely affect cardiac output, primarily by 
decreasing systemic venous return.'-' As PEEP is increased, 
the ARDS patient should be monitored for a decrease in 
cardiac output with a decrease in peripheral perfusion. 56 
In most cases, a decrease in cardiac output can be com- 
pensated for by intravascular volume loading and possibly 
inotropic support.' 

The ARDS NetWork investigated the optimal PEEP-Fio 2 
strategy for adults with ARDS. 38 The results of this pro- 
spective, randomized, multicenter study indicate that in 
adult ARDS patients who are ventilated with 6 ml/kg tidal 
volumes and an end-inspiratory plateau pressure of less 
than 30 cm H 2 0, a “moderately high” or “very high” PEEP 
strategy produced similar survival rates. It must be noted 
that this study investigated two relatively aggressive PEEP 
strategies. Subsequent studies performed outside the 
United States also showed similar results. In a study in- 
volving 30 ICUs and 983 adult patients with ARDS, there 
was no difference in hospital mortality despite the reduc- 
tion in the need for rescue therapies in the “high” PEEP 
group. 49 A recent systematic review on the effect of PEEP 
in ARDS showed that the subgroup of ARDS patients who 
may stand to benefit most from a “high” PEEP strategy are 
those with the worst degree of hypoxemia. 39 

The implication of current clinical studies in this area is 
that once appropriate PEEP is applied to maintain the 
lungs at an ideal lung volume, a further increase in PEEP 


in an attempt to reduce the Fio 2 does not lead to an 
improved outcome. 

Low Tidal Volume Ventilation 

Ventilation is achieved through a combination of respiratory 
rate, tidal volume, and inspiratory time. Historically, ventila¬ 
tor tidal volumes between 10 and 15 ml/kg were used for 
patients with ARDS. Because the remaining compliant lung 
volume in a patient with ARDS is significantly reduced, these 
tidal volumes often required inflation pressures that resulted 
in pulmonary overdistention and progressive secondary lung 
injury. 60 " 62 

The ARDS NetWork reported in the New England 
Journal of Medicine in 2000 that in adult patients with 
acute lung injury and ARDS, low tidal volume mechanical 
ventilation (6 ml/kg) decreased mortality by 22% and in¬ 
creased the number of ventilator-free days as compared 
with a more traditional tidal volume (12 ml/kg). 32 The 
mortality rate was 31.0% in the low tidal volume group 
and 39.8% (p = 0.007) in the higher tidal volume group. 
Additionally, the plateau pressure (Pplat) was significantly 
decreased in the low tidal volume group as compared with 
the control group. 

Although still unproven, the results of this landmark 
study are likely applicable to infants and children with 
ARDS. Until a similar large-scale, prospective, randomized 
trial is accomplished in pediatrics, it seems reasonable to 
use the low tidal volume guideline. A meta-analysis of low 
tidal volume ventilation in patients without acute lung 
injury showed that this lung-protective strategy results in 
less lung injury and mortality. 6 ’ This collective evidence 
suggests that low tidal volumes should be used in patients 
with more normal lung function. However, this meta- 
analysis only included adult patients. It remains uncertain 
whether larger tidal volumes can be safely applied in chil¬ 
dren with normal lung function. 

Before the ARDS Network’s low tidal volume study, 
several studies offered conflicting results on this topic. 
Amato et al. concluded that a lung-protective ventilation 
strategy was associated with a significant decrease in mor¬ 
tality at 28 days but was not associated with a higher rate 
of survival to hospital discharge. 64 A major limitation in 
the application of the results of this study is the high mor¬ 
tality rate in the control group (71%). In contrast, the next 
article in the same issue of the New England Journal of Medi¬ 
cine was a report by Stewart et al. that concluded that a low 
tidal volume strategy does not reduce mortality for adult 
patients with ARDS. 65 

The apparently conflicting results from the low tidal 
volume studies by Amato, Stewart, and the ARDS NetWork 
become more consistent when considering the plateau 
pressures used. In the ARDS NetWork study, the protocol 
was designed to maintain plateau pressure less than 50 cm 
H 2 0 in the control group and less than 30 cm H 2 0 in the 
low tidal volume group. 32 The results indicate that in 
the low tidal volume group Pplat remained 26 cm H 2 0 
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or less throughout the first week of ventilation, whereas in 
the control group Pplat ranged from 33 ± 9 to 37 ± 9 cm 
H 2 0 over the first week. In the Amato study, Pplat re- 
mained less than 32 cm H 2 0 for the protective ventilation 
group; in the control group Pplat ranged from 34.4 ± 1.9 
to 37.8 ± 1.2 cm H 2 0 over the first 7 days of ventilation. 64 
Of interest, the study by Stewart et al. revealed no improve- 
ment with mortality with low tidal volume ventilation; 
however, in both groups the Pplat was maintained at less 
than 29 cm H 2 0 throughout the study. 6; This finding is 
similar to the study by Brochard et al., which also failed to 
demonstrate improved survival with low tidal volume ven¬ 
tilation. 66 For both groups, Pplat was maintained at less 
than 32 cm H 2 0 throughout the first week of ventilation. 

Thus the data support the conclusion that for adult 
patients with ARDS, the Pplat should be limited to less 
than approximately 32 cm H 2 0 to improve outcome. The 
applicability of this conclusion to pediatric ARDS patients 
requires investigation. It is very possible that the “critical” 
limit on plateau pressure for infants and children will be 
less than 32 cm H 2 0 and may vary with patient age and 
size. 

It must be stressed that although the ARDS NetWork 
study indicates that a 6 ml/kg tidal volume led to im¬ 
proved mortality as compared with a 12 ml/kg tidal vol¬ 
ume, the tidal volume associated with the least mortality 
may lie somewhere between 6 and 12 ml/kg, or possibly 
even less than 6 ml/kg). Lastly, it should be stressed that 
most previous ARDS trials have been based on a “magic 
bullet” strategy in which a single intervention is studied. 
Mortality from ARDS has improved over the past decade 
without ever truly finding the “magic bullet.” Most likely, 
the improvements in the care of ARDS patients have been 
multifactorial. Although difficult, future clinical studies 
should investigate a combination of therapies to further 
decrease mortality from ARDS. 

Multiple modes of mechanical ventilation are currently 
used in clinical practice to provide respiratory support for 
patients with ARDS. To date, no data exist to determine 
the ventilatory mode that provides the greatest benefit and 
the least risk to an individual patient. Prospective, ran- 
domized, multicenter studies of mechanical ventilation 
and ARDS in pediatrics are limited. For most clinical ques- 
tions, data are extrapolated from studies in the adult 
population. 

When “toxic” conventional ventilatory support is re- 
quired to achieve the desired gas exchange goals, clinicians 
often transition to high-frequency oscillatory ventilation 
(HFOV). Only one randomized, controlled study of HFOV 
in the pediatric population has been performed, which 
showed improved oxygenation and reduced need for sup- 
plementation oxygen at 30 days with HFOV. 6 However, it 
must be noted that the control group was not ventilated 
with a low tidal volume approach. Despite the paucity of 
data showing the superiority of HFOV in pediatric ARDS, 
the use of this alternative mode of ventilation remains 


common in PICUs worldwide. 68 Readers are referred to 
Chapter 17 for a more comprehensive discussion of HFOV. 

Current medical evidence does not show that a particu- 
lar mode of conventional mechanical ventilation (pressure 
controlled or volume controlled) or alternative modes of 
ventilation (e.g., airway pressure release ventilation, HFOV) 
results in a significant difference in mortality in patients 
with ARDS. Except for low tidal volume strategy, no par- 
ticular conventional or unconventional mode of ventila¬ 
tion has been demonstrated to improve clinical outcomes 
in ARDS. 

Gas Exchange Goals 

Improved oxygenation is not correlated with improved out¬ 
comes. This was best demonstrated in the ARDS NetWork 
low tidal volume study, in which the control (12 ml/kg) 
group demonstrated improved oxygenation for the first 
72 hours of ventilation. 32 If this study had been designed as 
an acute gas exchange study, the conclusion would have been 
false and mortality for ARDS could have increased. This lack 
of association between oxygenation and survival has been 
demonstrated in multiple other studies. 69 ' 71 Timmons et al. 
demonstrated no correlation between oxygenation or venti¬ 
lation in survivors or nonsurvivors of pediatric ARDS. 72 
Dobyns et al. showed that, in acute hypoxic respiratory fail- 
ure in children, although oxygenation improved with in- 
haled nitric oxide, there was no difference in mortality. 69 
Improved oxygenation without a significant improvement 
in survival was also demonstrated in a follow-up study 
of inhaled nitric oxide in combination with high-frequency 
oscillatory ventilation. " 

The concept of accepting lower arterial oxygenation sa- 
turation is termed permissive hypoxemia. 54 ’ 73 Although 
the acceptable arterial oxygen saturation target remains 
controversial, ventilatory strategies should aim to provide 
adequate tissue and organ oxygenation while minimizing 
oxygen toxicity and ventilator-induced lung injury. It should 
be noted that long-term neurological effects of permissive 
hypoxemia have not been studied. Clinicians must weigh 
the potential benefits and risks of this approach for each 
individual clinical situation. 

Permissive Hypercapnia 

A logical consequence of low tidal volume ventilation is 
hypercapnia. Limiting the peak inspiratory pressure by re- 
ducing the tidal volume may decrease minute ventilation 
and result in hypercapnia. The exact degree of respiratory 
acidosis that can be safely tolerated remains controversial. 
However, most undesirable effects are reversible and minor 
with respiratory acidosis when pH is greater than approxi¬ 
mately 7.20. 74 Laboratory studies have suggested that re¬ 
spiratory acidosis may, in faet, be lung protective/ 3 

Of note, a Cochrane review of the large, multicenter 
low tidal volume studies of adult ARDS was unable to 
reach a firm conclusion on the implications of permissive 
hypercapnia / 6 It should be stressed that these low tidal 
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volume studies were not designed to answer the specific 
question of hypercapnia. However, the medical literature 
does support the beneficial role of permissive hypercapnia 
in ARDS. Limited evidence suggests that low-volume, 
pressure-limited ventilation with permissive hypercapnia 
may improve outcome in patients with ARDS. 7,78 In a 
10-year study, Milberg et al. reported a positive association 
between permissive hypercapnia and outcomes. 1 Recent 
data from a laboratory model of ischemia-reperfusion 
acute lung injury indicate that hypercapnic acidosis is pro- 
tective and that buffering of the hypercapnic acidosis 
attenuates its protective effects. 75 In allowing permissive 
hypercapnia, the rate at which carbon dioxide rises may 
be more important than the actual value itself. A rapid re¬ 
gression to normocapnia may be more deleterious to the 
cardiac system than hypercapnia itself. 

It should be noted that permissive hypercapnia is gener¬ 
ally not recommended for those patients with intracranial 
pathology in which increased cerebral biood flow related 
to hypercapnia may be detrimental or for those with sig- 
nificant pulmonary hypertension in which the elevated 
carbon dioxide level may further increase pulmonary vas- 
cular resistance. 

ADJUNCT THERAPIES 

Some patients are unable to achieve acceptable therapeutic 
goals while avoiding oxygen toxicity or an intolerably high 
peak inspiratory pressure with conventional ventilator 
strategies. Two of the more commonly used therapeutic 
modalities for treating patients with ARDS are HFOV and 
extracorporeal membrane oxygenation. 67,80-83 HFOV has 
been described briefly in the prior section on Treatment/ 
Ventilatory Support. We discuss ECMO briefly in this 
section. The reader is referred to Chapters 17 and 19 (and 
the Evolve website: https://evolve.elsevier.com) for a more 
comprehensive discussion of these important topics. 

Briefly, ECMO is used in patients with severe ARDS 
who are unable to achieve acceptable therapeutic goals 
despite maximal therapies at intolerably high ventilator 
settings and/or inotropic support. In patients with severe 
ARDS and preserved cardiac function, venovenous 
ECMO can be used to minimize oxygen toxicity and 
minimize ventilator-induced lung injury while achieving 
acceptable oxygenation and carbon dioxide clearance. 
Keeping in mind that ECMO is usually implemented in 
critically ill children with an extremely high mortality 
rate, the survival data from the Extracorporeal Life Sup¬ 
port Organization registry for children with ARDS is 
fairly good at approximately 65% overall. S3 Experience 
with the 2009-2010 H1N1 influenza A pandemic sug¬ 
gests that ECMO may be an important management 
strategy in future viral epidemics/pandemics, with sur¬ 
vival rates reported in excessive of 70%. 84,85 

Other potential adjunct therapies include trials of 
corticosteroids, prone positioning, inhaled nitric oxide, 


and surfactant replacement. Meta-analyses of corticoste- 
roid used within the first 2 weeks in adults with estab- 
lished ARDS demonstrated that steroids may reduce 
mortality and reduce total days of mechanical ventila¬ 
tion. 86,87 Although controversial, there does not seem to 
be a role for steroids in the prevention of progression of 
ARDS. 86 Unfortunately, there are no studies of cortico¬ 
steroids for treatment of ARDS in children. 

Prone positioning improves oxygenation in pediatric 
and adult patients with ARDS through various mecha- 
nisms, such as improvements in ventilation-perfusion 
matching and chest wall mechanics. 88 However, proning is 
associated with a risk of endotracheal tube obstruction 
and accidental catheter or tube dislodgment. A meta- 
analysis has shown that proning improves survival in 
those with severe ARDS. 89 Unfortunately the only study to 
date on proning in children with acute lung injury was 
closed because of futility. 1 This prospective, randomized, 
multicenter study by Curley et al. revealed no change in 
mortality with prone positioning.' 1 

Studies of inhaled nitric oxide for pediatric ALI/ARDS 
have demonstrated improved oxygenation acutely, but this 
improvement in gas exchange has not translated into im¬ 
proved survival. 69,70 Willson et al. reported that exogenous 
surfactant (calfactant) acutely improved oxygenation and 
significantly decreased mortality in infants and children 
with acute lung injury; however, this study revealed no 
significant decrease in duration of mechanical ventilation, 
length of PICU admission, or length of hospital stay. 90 
Furthermore, the control group had a higher percentage 
of higher risk, immune-incompetent patients. 


CASE STUDY 


A15-year-old boy with a significant medical history of acute 
lymphoblastic leukemia in remission presented with fever, 
cough, and shortness of breath. On presentation, he was 
noted to have bilateral crackles on auscultation and a pulse 
oximeter reading of 85% on room air. Supplemental oxygen 
was provided, and he was admitted to the general ward 
for further management. The patient’s oxygen requirement 
continued to increase with increasing work of breathing. 
Chest radiograph showed worsening bilateral infiltrates. He 
was transferred to the PICU and was intubated in view of the 
rapid progression of illness. Respiratory virus isolation was 
notable for Hl NI influenza. The patient was supported on 
conventional mechanical ventilation for 3 days before transi- 
tioning to high-frequency ventilation. Before his transition to 
high-frequency ventilation, his arterial biood gas on conven¬ 
tional mechanical ventilation, with peak inspiratory pressure 
of 28, PEEP 13, mean airway pressure of 19 and Fio 2 of 90%, 
was pH 7.33, Pao 2 46 mm Hg, Paco 2 57 mm Hg, HCO 33 O.O, 
Base Excess 6. Unfortunately his condition worsened, with 
refractory hypoxemia (high-frequency ventilation with mean 
airway pressure of 35, amplitude of 60, frequency of 8 Hz 
and Fio 2 100%, with an arterial biood gas of pH 7.31, Pao 2 
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57 mm Hg, Pacc >2 75 mm Hg, HCO 3 32.0, BE 10.6), and he 
was cannulated for venovenous ECMO with a dual-lumen 
cannula in the right internal jugular vein. After 3 weeks on 
ECMO, he was decannulated, weaned, and then extubated. 
After 8 weeks, he was discharged home without the need for 
ongoing respiratory support. 



1. Does this case satisfy the Berlin criteria for ARDS? 

What features of ARDS are present, and what additional 
information, if any, is required? 

2. What conventional mechanical ventilation strategies 
should be considered in this type of patient? 

3. What other adjunct therapies, if any, could have been 
considered in the management of this case? 


See Evolve Resources for answers. 


SUM MARY 

Acute lung injury and acute respiratory distress syndrome 
represent a continuum of clinical disease of varying pul- 
monary (direct) and nonpulmonary (indirect) etiologies. 
Although much has been learned about the pathophysiol- 
ogy of acute lung injury over the pas t two decades, the only 
treatment strategy that has been proven to improve clini¬ 
cal outcome is low tidal volume ventilation. However, the 
optimal tidal volume remains unclear because it may not 
be 6 ml/kg. Furthermore, it should be noted that in the 
years before publication of the low tidal volume venti¬ 
lation data, overall survival rates for adult and pediatric 
patients with acute lung injury had been gradually increas- 
ing. Future clinical investigations are likely to study com- 
bined therapeutic strategies as opposed to focusing on 
discovering the single “magic bullet.” 


| KEY POINTS 

• The Berlin definition for adult ARDS includes the 
following criteria: timing of onset within 1 week, bilateral 
infiltrates on chest radiograph or computed tomography 
(CT) scan, presence of hypoxemia (Pa 02 /Fl 0 2 less than 
300), and ri sk factors (ifabsent, will require additional 
investigation to exclude hydrostatic edema). 

• Classically, ARDS is divided into three pathological 
stages: exudative, proliferative, and fibrotic. 
Neutrophils are central to the pathogenesis of 
ARDS. Regardless of the inciting event, ARDS begins 
with inflammatory injury to the alveolar epithelium 
and endothelium, which results in accumulation of 
protein-rich edema in the alveoli. Recovery from 
ARDS depends on the resolution of inflammation, 
removal ofthe edema, and reparative processes of 
the epithelium. 

• Mechanical ventilation forms the cornerstone of 
ARDS management. Mechanical ventilation strategies 
must aim to minimize ventilator-induced lung injury. 
Such strategies include low tidal volume ventilation, 
optimization of PEEP/mean airway pressure, and 
possibly (based on the clinical scenario) permissive 
hypoxemia and permissive hypercapnia. High- 
frequency ventilation, as described elsewhere in 

this textbook, is often used in pediatric acute lung 
injury based on tremendous clinical experience; 
however, this modality has never been studied in 
comparison to low tidal volume ventilation in 
pediatrics. 

• Beyond mechanical ventilation, other adjunct 
therapies may be considered in severe cases of acute 
lung injury/ARDS. Although clinically used, data 
are lacking to definitely support prone positioning, 
exogenous surfactant administration, or inhaled nitric 
oxide for the management of severe hypoxemia. 

ECMO, as described elsewhere in the textbook, can 
be lifesaving when refractory hypoxemia develops. 

• Meticulous attention to treatment ofthe precipitating 
factors, sedation, fluid management, and nutrition is 
important in the overall management ofa child with 
acute lung injury. 


| ASSESSMENT QUESTIONS 

See Evolve Resources for the answers. 

1. A 13-year-old boy is admitted to the PICU with a 
diagnosis of ARDS. His Pa 0 2 /Fl 0 2 ratio is 176 with a 
PEEP of 8 . According to the 2011 Berlin consensus 
definition, what is the severity of his ARDS? 

A. ALI 

B. Mild 

C. Moderate 

D. Severe 















570 


SECTION IV • Neonatal and Pediatric Disorders: Presentation, Diagnosis, and Treatment 


8. Which ofthe following characteristics of infants and 
young children (as compared with older children and 
adults) causes this population to be particularly 
prone to respiratory failure? 

I. Small caliber airways 

II. Increased chest wall compliance 

III. Greater propensity for rapid fatigue of respiratory 
muscles 

IV. Reduced cardiac function in children compared 
with adults 

A. III, IV 

B. I, II 

C. I, II, III 

D. I, II, III, IV 

9. The most common nonpulmonary risk factor in 
patients with ARDS is: 

A. Multiple trauma 

B. Card iac failure 

C. Sepsis 

D. Acute pancreatitis 

10. Of the choices listed, which is generally the latest 
clinical finding in pediatric patients with ARDS? 

A. Hypoxemia 

B. Decreased pulmonary compliance 

C. Increased work of breathing 

D. Hypercapnia 


2. A patient undergoing mechanical ventilation has a 
mean airway pressure of 18 cm H 2 0, and the biood 
gas shows a Pac >2 of 90 mm Hg at an Fio 2 of 0.80. 
What is this patient’s oxygenation index (OI) ? 

A. 20 

B. 16 

C. 140 

D. 90 

3. Which ofthe following are pathological stages of ARDS? 

I. Exudative 

II. Proliferative 

III. Fibrotic 

IV. Edematous 

A. I, II, III 

B. II, IV 

C. II, III, IV 

D. III, IV 

4. A 68-year-old man with a history of chronic alcoholic 
consumption was admitted to the unit for aspiration 
pneumonia. His clinical course was complicated by 
ARDS. Which ofthe following treatment strategies 
for acute lung injury in adult patients has been 
demonstrated to improve mortality in a prospective, 
randomized clinical trial? 

A. Prone positioning 

B. Inhaled nitric oxide 

C. Low positive end-expiratory pressure 

D. Low tidal volume ventilation 

5. A 6-year-old child with a history of acute lymphoblastic 
leukemia was admitted to the intensive care unit for 
Klebsiella pneumoniae septic shock. He developed ARDS 
on the third day of septic shock. The overall goal(s) in 
the treatment of ARDS for this child include: 

I. Treatment ofthe underlying disease 

II. Achieve adequate tissue oxygenation 

III. Minimize ventilator-induced lung injury 

IV. Ensure normocarbia 

A. I, II 

B. II, III 

C. II, IV 

D. I, II, III 

6. The criteria used to define ARDS include: 

I. Hypoxemia 

II. Bilateral pulmonary infiltrates 

III. Presence of risk factors 

IV. Need for invasive mechanical ventilation 

A. I, II, III, IV 

B. I, II 

C. I, IV 

D. I, II, III 

7. Which of the following are useful therapies in pediatric 
patients with acute lung injury? 

I. Permissive hypercapnia 

II. Permissive hypoxemia 

III. Administration ofactivated protein C for sepsis 

IV. Low tidal volume ventilation 

A. I, II 

B. I, IV 

C. 1,11, III 

D. I, II, IV 
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LEARNING OBJECTIVES 

After reading this chapter ; the reader will be able to: 


1. Define shock and the key elements of shock 

3. Recognize the clinical presentation of select shock 

pathophysiology 

States—anaphylaxis and sepsis—and describe basic 

2. Understand the concept of oxygen delivery and 

principles of management and treatment 

consider it in the context of select pediatric clinical 

4. Identify the necessary elements of diagnosing and 

cases 

treating pediatric patients with meningitis 

KEY TERMS 


Anaphylaxis Oxygen delivery Shock 

Meningitis Sepsis 


SHOCK 

Shock represents a disruption of the natural homeostasis 
that exists within the body to ensure adequate oxygen de¬ 
livery to all tissues. In this abnormal metabolic State, the 
body is unable to maintain sufficient supply of oxygen 
despite often increased demand, resulting in a complex 
Cascade of compensatory mechanisms designed to restore 
this balance. When untreated, shock is potentially fatal, 
particularly when the recognition of its onset is delayed. 
Cardiac output is the term typically used to encompass the 
delivery of biood and thus oxygen to organs and tissues in 
the body. Thus, in shock, cardiac output is impaired; the 
nature of this impairment is based on the specific shock 
State. 

Definition and Classification 

Formally defined, shock represents an abnormal physiolog- 
ical State characterized by inadequate oxygen delivery or, in 
particular shock States, impaired oxygen utilization despite 
appropriate delivery. At a cellular level, these derangements 


result in less efficient energy metabolism with diversion to 
secondary metabolic pathways to maintain cellular func- 
tion. When shock is unchecked, cellular function is severely 
compromised, with resultant cell death and a refractory 
shock State. If shock is reversed and tissue oxygenation is 
restored, organs and organ systems can function better. 
Although there are common features that characterize 
shock States, it is of value to discuss the nomenclature of 
various shock States (Table 30-1). 

Typically, shock can be classified in four general 
States: hypovolemic, cardiogenic, obstructive, and dis¬ 
tributive. The first, hypovolemic shock, is most common 
worldwide among children, most often resulting from 
severe dehydration. When there is loss of intravascular 
volume, cardiac output is impaired as stroke volume 
decreases. In hypovolemic shock, rapid restoration of the 
vascular volume is paramount. For hemorrhagic shock, 
a subtype of hypovolemic shock, biood loss causes shock 
and thus treatment requires replacement of the lost 
biood volume. Other potential causes of hypovolemic 
shock include osmolar diuresis such as from diabetic 
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TABLE 30-1 


Pathophysiological and Clinical Shock Classification 


Hypovolemic 


Cardiogeni c 


Obstructive 


Distributive 


Low-volume shock State with intravascular 
volume loss as cause; examples include severe 
dehydration and hemorrhage leadingto 
hemorrhagic shock 

Primary heart pump failure with resultant low 
cardiac output; examples include myocarditis 
and cardiomyopathy 

Physiological or physical impairment to heart 
pump function resulting in low cardiac output 
State; examples include cardiac tamponade 
and pulmonary embolism 

Low systemic vascular resistance and high car¬ 
diac output State resulting in maldistribution 
of biood flow; examples include septic shock, 
anaphylaxis, adrenal crisis, and neurogenic 
shock 


ketoacidosis or from infectious enteritis. With timely 
and aggressive volume resuscitation, this shock State can 
readily be reversed. 

Cardiogenic shock, as its name implies, describes pri¬ 
mary failure of the heart pump. In children, cardiogenic 
shock may be observed after cardiac surgery or from 
primary diseases processes such as myocarditis or car¬ 
diomyopathy. In each of these instances, cardiovascular 
function is impaired and often vasoactive or mechanical 
support such as extracorporeal membrane oxygenation 
is required to prevent cardiac and systemic ischemia. As 
described in detail later in this chapter, the goal of these 
therapies is to optimize cardiac output by optimizing 
the preload, afterload, and contractile function of the 
heart. 

A third classification of shock is obstructive, which 
characterizes a shock State in which a physical obstruction 
to biood flow impairs cardiac output and ultimately oxy¬ 
gen delivery. Examples include cardiac tamponade, ten¬ 
sion pneumothorax, and pulmonary embolism, and in all 
cases a functional obstruction to intrathoracic biood flow 
impedes the heart’s ability to pump biood and thus oxygen 
to the body. The final and perhaps most broad category of 
shock is distributive, including such shock States as sepsis, 
anaphylaxis, adrenal crisis, and neurogenic shock. Each of 
these shock States is characterized by a maldistribution 
of biood flow with a resultant low systemic vascular resis¬ 
tance State. Whether mitigated by cytokines released by 
infectious organisms, histamine release secondary to 
allergen exposure, or loss of sympathetic tone from de- 
creased adrenergic or neuronal control, each of these 
shock States results in insufficient oxygen delivery and/or 
utilization to meet the body’s metabolic demands. Given 
the significance of septic shock and anaphylactic shock to 
morbidity among pediatric patients, we will undertake a 
more extensive discussion of these shock States. 


Sepsis 

Sepsis or sepsis syndromes are differentiated by the role 
of infection in their pathophysiology, although the poten¬ 
tial for culture-negative sepsis does exist. As illustrated in 
Box 30-1, there is a broad but specific Spectrum of sepsis 
syndromes in pediatric patients. Septic shock, which en- 
compasses infection and is specifically distinguished by 
hypotension, is a common cause for admission to the 
pediatric intensive care unit. Early septic shock can be 
managed with volume resuscitation, antimicrobials, and 
supportive therapy; however, when progressed, it may 
require vasoactive support as detailed later. Late or refrac- 
tory septic shock may not respond to fluids and cate- 
cholamines and may rapidly progress to multiorgan dys- 
function. Gram-positive and gram-negative bacteria may 
both cause septic shock, with the clinical patterns of 
shock often distinguishable by organism. Classically de¬ 
scribed as “cold shock,” gram-negative organisms result in 
severe vasoconstriction, with epinephrine typically the 
vasoactive of choice. Gram-positive sepsis more often 
manifests as “warm” or vasodilatory shock, with norepi- 
nephrine used to increase systemic vascular resistance and 
thus cardiac output. In this shock State, the cardiac out¬ 
put is rather increased, reflecting high-output failure; 
however, given the resultant alterations in systemic vascu¬ 
lar resistance, both oxygen delivery and utilization are 
impaired. 

When septic shock is refractory to fluid or catechol- 
amines, consideration must also be given to adrenal 
insufficiency as a component of the shock State, particu- 
larly in patients who are at risk for impairment in their 
hypothalamic-pituitary-adrenal axis or who have had a 


Definition of Sepsis and Sepsis 
Syndrome in Pediatric Patients 

Bacteremia: Culture-confirmed presence of live bacteria in 
biood 

Sepsis: Evidence of infection with temperature changes, in¬ 
creased heart rate, increased respiratory rate, and leukocytosis 
or leukopenia 

Sepsis syndrome: Sepsis plus at least one of the following: 
acute mental changes, decreased Pa 02 , increased plasma 
lactate, or decreased urine output 

Septic shock: Sepsis syndrome plus hypotension that responds 
to fluid therapy and/or drug therapy 

Refractory septic shock: Sepsis syndrome plus hypotension for 
more than 1 hour that is not responsive to fluid and/or drug 
therapy and necessitates use of vasopressors 
Multiple organ system failure: Any combination of disseminated 
intravascular coagulation, acute respiratory distress syndrome, 
renal failure, and hepatobiliary dysfunction 

From Goldstein B, Giroir B, Randolph A. International Consensus 
Conference on pediatric sepsis: definitions for sepsis and organ dys¬ 
function in pediatrics. Pediatr Crit Care Med 2005 Jan;6(l):2. 


Box 30-1 
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history of steroid exposure. In such patients, the clinical 
status may not improve unless the patient receives “stress- 
dose” steroids with hydrocortisone. 1 

Select patients with refractory shock who fail conven- 
tional therapy may be considered for salvage therapy 
with extracorporeal membrane oxygenation. For these 
individuals, ECMO can provide circulatory support un- 
til the causative organism is sufficiently treated to allow 
for potential and gradual organ system recovery. The 
risk of morbidity and mortality with ECMO for septic 
shock patients remains high; thus its use is limited. 
The current algorithm for management of sepsis is hest 
detailed in the Surviving Sepsis Campaign: Revised 2011 
Guidelines (Figure 30-1). 


Anaphylaxis 

A second type of distributive shock that results from pe- 
ripheral vasodilation is anaphylactic shock. Anaphylaxis 
occurs when a foreign antigen interacts with the body and 
elicits a systemic, immediate hypersensitivity reaction 
caused by immunoglobulin E-mediated release of media¬ 
tors from tissue mast cells and circulating basophils. 2 A 
variety of substances can elicit these reactions. 3,4 There are 
times, however, when a cause of anaphylaxis may not be 
found despite an exhaustive search.''’ 6 

After the introduction of an antigen into the body, 
either by an enteral or parenteral route, reaction with the 
IgE antibody on tissue mast cells or circulating basophils 
occurs. This evokes the release of a number of Chemical 



Catcholamine-resistant shock 

I 


60 min 


Begin hydrocortisone if at risk for absolute adrenai insufficiency 


Normal biood pressure 
Cold shock 


Low biood pressure 
Cold shock 


Low biood pressure 
Warm shock 
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S C vC >2 Sat <70% 


S cv 0 2 Sat >70% 


Add vasodilator or type Titrate volume and 

III phosphodiesterase epinephrine 

inhibitor with volume loading 
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norepinephrine 
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FIGURE 30-1 Algorithm for pediatric shock treatment. (Dellinger RP, Levy MM, Carlet JM, et al. Surviv¬ 
ing Sepsis campaign: international guidelines for management ofsevere sepsis and septic shock: 2008. Crit 
Care Med 2008 Jan;36(1 ):296-327.) 


























576 


SECTION IV • Neonatal and Pediatric Disorders: Presentation, Diagnosis, and Treatment 


mediators responsible for the clinical and hemodynamic 
symptom complex elicited. Histamine is one of the most 
prominent mediators and is believed to be responsible for 
the increase in airway resistance and the fail in partial pres¬ 
sure of oxygen as a result of its contractile action on the 
smooth muscle of the lung. 5 There is vasodilation and in- 
creased vascular permeability that produce a rapid loss 
of intravascular volume, which then stimulates the release 
of catecholamines. Initially, systemic vascular resistance is 
reduced and cardiac output is increased; however, with 
prolonged shock these reverse and the decrease in preload 
and afterload leads to myocardial depression. 

The presentation of the child with anaphylaxis varies 
depending on the severity of symptoms. Some children 
may present with only a skin eruption or edema, whereas 
other patients may present with respiratory compromise 
or cardiovascular collapse and shock characteristic of an 
overt anaphylactic episode. 4,5 The presentation with an 
urticarial rash or respiratory symptoms is much more 
common than a cardiovascular source of symptoms. 3,6 
However, shock and cardiovascular collapse can occur 
without a preceding cutaneous manifestation.' Other pre- 
senting symptoms may include gastrointestinal complaints 
or neurological symptoms such as dizziness, headache, or 
syncope. Symptoms may begin within minutes of antigen 
presentation or may be delayed for several hours. If symp¬ 
toms begin immediately on exposure, the reaction tends to 
be more severe and can be rapidly fatal. An episode may be 
biphasic, where symptoms can abate for several hours and 
then return. Attacks may also persist for several days and 
have multiple recurrences with asymptomatic periods in 
between. 

The rapid recognition of anaphylaxis and prompt initi¬ 
ation of therapy is essential. The treatment of anaphylactic 
shock can be divided into two major phases. First, as with 
any shock State, attention is directed to the ABCs. Airway 
compromise may be present and takes priority. Once the 
airway is secure, oxygenation and ventilation are assessed. 
There is often bronchospasm with concomitant wheezing. 
Providing oxygen will help ensure adequate oxygenation, 
and the wheezing often abates with the administration of 
epinephrine for circulatory support. Epinephrine is the 
mainstay of therapy. Circulatory dysfunction and shock 
are the next most pressing issues. For circulatory collapse, 
large volume infusions, as in other types of shock, help to 
restore the circulating biood volume. Hypotension can be 
severe and resistant to therapy. Circulatory support with 
repeated doses of epinephrine and a continuous epineph¬ 
rine infusion help support the patient until the directed 
therapy can begin. 4,5 

Once the vital functions have been addressed, attention 
should turn to combating the antigen exposure. If the an¬ 
tigen and route are known—for instance, if a biood trans¬ 
fusion is being administered—limitation of the antigen 
exposure becomes the next priority. Antihistamines should 
be given to counter the effect of the inciting mediator. 


A combination of Hl (diphenhydramine) and H2 (raniti- 
dine) inhibitors is superior to an Hl antagonist alone for 
resolution of symptoms. ' Corticosteroids may have a role 
in anaphylaxis by improving the inflammatory response 
and may help alleviate late phase reactions. Aerosolized 
(3-adrenergic agents may be useful if the bronchospasm is 
unresponsive to epinephrine.' 

Pathophysiology 

The key pathophysiological derangement that occurs in 
shock is the impairment of oxygen delivery and utilization. 
Without adequate cardiac output, oxygen cannot be efifec- 
tively delivered to body tissues, and the systemic effects 
of this substrate-depleted State result in the clinical mani¬ 
festations of shock. 

Cardiac Output 

In physiological terms, the cardiac output is the amount of 
biood pumped from the heart to the organs and tissues 
of the body. It can be expressed mathematically as liters of 
biood pumped per minute. 7 Children are different from 
each other in terms of their size, so all hemodynamic mea- 
surements must be corrected for these size differences. 
When the cardiac output is corrected for size, the cardiac 
index (cardiac output divided by body surface area) is de- 
rived. s In children, normal values for the cardiac index are in 
the range of 3.3 to 6.0 L/min/m 2 . 1,9 A cardiac index of less 
than 2.0 L/min/m 2 has been associated with an increase in 
mortality. 1 

The cardiac output is determined by the heart rate 
and the stroke volume. 1,10,1 ' The heart rate is simply how 
fast the heart beats per minute and the stroke volume is 
the amount of biood pumped out of the heart with each 
mechanical beat. Three components contribute to the 
stroke volume: preload, inotropy, and afterload. 10,12 An- 
other representation of cardiac output, which represents 
“biood flow,” can be characterized as the change in pres¬ 
sure (mean arterial pressure [MAP] - central venous 
pressure [CVP]) divided by resistance (systemic vascular 
resistance [SVR]). This relationship is mathematically 
expressed as (MAP - CVP)/SVR. 1,13 

Components o f Stroke Volume 

Preload is measured as the central venous pressure and is a 
representation of the amount of volume present in the 
heart and great vessels at rest. This volume exerts a pres¬ 
sure against the walls of the biood vessels in the vascular 
tree. Preload is dependent on adequate venous return. 
It increases as the intravascular volume increases and 
decreases when there is a reduction in intravascular vol¬ 
ume. The Frank-Starling principle relates this central pres¬ 
sure to the initial stretch on the myocardial muscle fibers. 12 
The stretch, and the resultant contractile ability, increases 
as this central pressure increases, up to a threshold limit 
determined by the individual’s myocardial compliance. At 
this point, the contractile ability cannot increase further. 
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Inotropy is the term that characterizes the contractile 
State of the heart muscle. Inotropic problems may occur 
despite an adequate preload if the contractile State is 
compromised. Further, problems with contractility in- 
crease the susceptibility of the myocardium to increases 
in afterload. 1 

Afterload is a measure of the resistance or force against 
which the heart must pump. Resistance to the flow of 
biood in a vessel is proportional to the length of the vessel 
and the viscosity of the biood, and inversely proportional 
to the radius of the vessel to the fourth power. 10 The ves- 
sel’s cross-sectional area determines the vascular resistance 
and is highly dependent on the arteriolar tone. The systemic 
vascular resistance index is expressed mathematically as 
the difference of the mean arterial pressure and the central 
venous pressure divided by the cardiac output and multi- 
plied by a factor of 80; SVRI = [MAP - CVP)/CO] X 80. 
The diastolic biood pressure is a surrogate marker for the 
basal level of pressure present within the vascular system. 
As afterload increases, stroke volume decreases. Infants and 
children have a limited ability to increase stroke volume. As 
a result, they will attempt to compensate for a reduction in 
cardiac output by increasing their heart rate. 8 Tachycardia 
is one of the first signs of decreased peripheral perfusion in 
children. Hypotension is an unreliable and late finding of 
shock in children, occurring when the child’s compensa- 
tory mechanisms have already failed. 13,14 

Shock can be classified based on the adequacy of the 
cardiac output or by one of its components: heart rate, pre¬ 
load, inotropy, or afterload. 1 ' This schema also provides 
for therapeutic interventions targeted to the area of the 
circulatory system experiencing a problem (Figure 30-2). 


In addition, each one of these physiological parameters can 
be measured clinically in the child with shock, thereby al- 
lowing continuous monitoring and assessment of the re- 
sponse to therapeutic interventions. 8,11,13 

Nutrients and Oxygen in Biood 

The cardiac output is responsible for transferring biood 
and nutrients from the heart to the tissues and organs 
and back again. The nutrients are carried in the biood 
by two physical methods. 16 First, some nutrients and 
oxygen are dissolved in the biood, accounting for a rela- 
tively small amount of oxygen transport. Second, nutri¬ 
ents and oxygen can be bound to red biood cells or 
macromolecules and “carried” by the cardiac output to 
the site of utilization. Oxygen delivery depends signifi- 
cantly on hemoglobin concentration. 1 The amount of 
oxygen bound to hemoglobin is described by the oxyhe- 
moglobin dissociation curve and is affected by physical 
properties such as temperature and acidosis. 16 The con- 
tribution of each of these components is symbolized in 
a mathematical formula that represents the arterial 
oxygen content (Box 30-2). 16-18 The case study features 
an example that demonstrates how the mathematical 
formulas shown in Box 30-2 may be used to quantify 
oxygen transport. Once the oxygen content is calcu- 
lated, it can be considered within the framework of the 
cardiac output. 

Oxygen Delivery 

The concept of oxygen delivery is fundamental to the un- 
derstanding of shock and is illustrated by the following 
clinical highlight. 



FIGURE 30-2 Diagrammatic representation of shock, its classification, clinical measures of altered 
stroke volume, and treatment strategies. Cl, Cardiac index; CO, cardiac output; CVP, central venous 
pressure; PCWP, pulmonary capillary wedge pressure; SVRI, systemic vascular resistance index. 
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CLINICAL HIGHLIGHT 


A 5-year-old giri is in septic shock in the pediatric intensive 
care unit as a result ofan overwhelming infection. She has a 
hemoglobin level of 10 g/dl, a cardiac output of 4.0 L/min, 
and arterial biood gas findings of pH 7.35; PCO 2 , 36 mm Hg; 
Pac> 2 , 85 mm Hg; HC 03 - , 20 mEq/L; and a corresponding 
oxygen saturation of 95%. A mixed venous biood sample 
demonstrates pH, 7.32; PCO 2 , 34 mm Hg; Pac> 2 , 37 mm Hg; 
and an oxygen saturation of 62%. 

Calculate the oxygen content, delivery, and consumption 
as follows: 

ARTERIAL OXYGEN CONTENT 

Cac >2 = Amount dissolved in biood + 
Amount bound to hemoglobin 
(arterial side) 

Amount dissolved = 0.003 X Pac >2 

Amount dissolved = 0.003 X 85 mm Hg 

= 0.255 or 0.255 ml of O 2 in 
1 00 ml of biood 

Amount bound = 1.34 X Hemoglobin X 
% O 2 saturation 

Amount bound = 1.34 X 10 X 0.95 

= 12.73 ml of oxygen per 100 ml 
of biood 

Cao 2 = 0.255 + 12.73 

= 12.99 ml of O 2 per 100 ml 
of biood 

MIXED VENOUS OXYGEN CONTENT 

CVO 2 = Amount dissolved + Amount bound to 
hemoglobin (venous side) = 0.003 X Pvc >2 

Amount dissolved = 0.003 X PVO 2 

Amount dissolved = 0.003 X 37 mm Hg 

= 0.115 orO.115 ml of02 in 
1 00 ml of biood 

Amount bound = 1.34 X Hemoglobin X 
% O 2 saturation 

Amount bound = 1.34 X 10 X 0.62 

= 8.31 ml of O 2 per 100 ml 
of biood 

Cvo 2 = 0.115 + 8.31 = 8.425 ml 
of O 2 per 100 ml of biood 

OXYGEN DELIVERY 

Dc> 2 = O 2 content X Cardiac output 

DO 2 = 12.99 ml of O 2 per 100 ml 
of biood X 4000 ml/min 

Arterial Do 2 = 519.6 ml/min 
OXYGEN CONSUMPTION 

V 02 (ml/min) = (Arterial — venous) O 2 content 
X Cardiac output (ml/min) 

V 02 (ml/min) = (12.99 — 8.425) ml of02 
per 100 ml of biood X 
4000 ml/min = 182.6 


Formulas for Oxygen Content, 
Delivery, and Consumption 

OXYGEN CONTENT 

Cac >2 (ml/dl) = Amount of O 2 dissolved in biood + Amount 
bound to hemoglobin 

Amount of O 2 dissolved (ml of 02 /ml of biood) = 0.003 X 
Pac >2 (mm Hg) 

Amount bound = 1.34 X Hemoglobin (g/dl) X % Oxygen 
saturation 

OXYGEN DELIVERY 

D 02 = O 2 Content X Cardiac output 

OXYGEN CONSUMPTION 

V 02 (ml/min) = (Arterial — venous) O 2 content X Cardiac 
output (ml/min) 

0.003, A constant that represents the milliliters of oxygen 
dissolved in 100 ml of biood; 1.34, a constant that repre¬ 
sents the amount of oxygen that can be bound per gram of 
hemoglobin. 


Delivery o f Biood to the Tissues 

The cardiac output delivers oxygenated biood to the 
tissues on a global or systemic level. 12 ’ 16 ’ 19 Delivery of oxy¬ 
genated biood, however, is only one part of this complex 
physiological process. Oxygen delivery depends on oxy¬ 
gen carrying capacity (% hemoglobin), oxygen provided 
(oxygen bound to hemoglobin plus dissolved oxygen), 
and cardiac output. 1 Once oxygenated and nutrient-rich 
biood reaches the target organ, the organ must be able to 
utilize the substrates it receives. 19 There must be uptake of 
oxygen in the tissues and cells of the organ along with the 
exchange of organ byproducts that are then transported 
back to the lungs. A major component of these byprod¬ 
ucts is carbon dioxide, which has a higher solubility in the 
biood than oxygen. 16 

Oxygen consumption is a measure of the amount of 
oxygen, or substrate, utilized by the organs of the body. 15 
Comparing the amount of oxygen being supplied to the 
organs from the arterial circuit and the amount of oxygen 
remaining in the venous circuit after removal by the or¬ 
gans provides an estimate of how much is being con- 
sumed. 16,20 ’ 21 As cardiac output decreases and metabolic 
demands remain the same, the tissues will extract more 
oxygen to maintain the same consumption, but the oxygen 
returning to the heart in the venous circulation will be 
less. 1 In children oxygen consumption depends more on 
oxygen delivery than oxygen extraction. 13 Oxygen con¬ 
sumption greater than 200 ml/min/m 2 has been associ- 
ated with improved survival. 1 ’ 13 The amount of nutrient 
consumed by the organs relative to delivery is referred to as 
the oxygen extraction. 19 Oxygen extraction is independent 
of supply for patients with shock. As shock worsens, organ 
tissue perfusion decreases and the organ extracts fewer 
nutrients from the biood. This measure of the severity of 
shock has been associated with survival. 8 Regardless of the 
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etiology of the shock, alterations in cellular metabolism, 
mitochondrial dysfunction, abnormal carbohydrate metab¬ 
olism, and the failure of many energy-dependent enzyme 
reactions lead to difficulty with utilization of substrate at 
the cellular level and eventually cell death. These changes 
in cellular oxygen utilization alter the consumption of 
oxygen in each of the organs, leading to organ dysfunc¬ 
tion. Organ system dysfunction resulting from shock, 
if left untreated, ultimately leads to failure of multiple 
organ systems. The term multiorgan dysfunction syndrome 
(MODS) has been applied to this disseminated pathologi- 
cal response. 10 

Metabolic Response 

The body’s response to poor tissue perfusion results in a 
number of metabolic reactions. Many of the manifestations 
of shock represent the body’s compensatory mechanisms, 
which attempt to maintain effective tissue perfusion and 
correct the abnormalities of shock. These responses at¬ 
tempt to maintain mean circulatory pressure, maximize 
cardiac output, redistribute perfusion to the most vital 
organs, and optimize the unloading of oxygen to the tis- 
sues. 10 The compensatory mechanisms are designed to 
autoregulate in the setting of hemodynamic or metabolic 
dysfunction. 

The central nervous system releases adrenocortico- 
tropic hormone in the setting of stress, which stimulates 
the adrenal giands to release cortisol. Adequate adrenocor- 
tical function is essential to survive critical illness, and 
most critically ill patients will exhibit elevated cortisol lev¬ 
els. 1,22 Many patients, however, exhibit a State of “relative” 
adrenal insufficiency because of an inadequate production 
of cortisol. 22 The sympathetic nervous system is regulated 
by arterial and cardiopulmonary baroreceptors and re¬ 
leases epinephrine and norepinephrine, which increase 
cardiac output by increasing heart rate and stroke volume. 
Cortisol assists the actions of these two catecholamines. 
Intrinsic vasoactive substances are released in response 
to increased metabolic activity and oxygen tension. The 
angiotensin/aldosterone-ADH/vasopressin system is acti- 
vated to preserve intravascular volume. 1 Other vasodi- 
lators released locally and systemically include nitric 
oxide, prostacyclin, and kinins; vasoconstrictors include 
endothelin, renin, and oxygen free radicals. These sub¬ 
stances affect the vascular tone, systemic vascular resis- 
tance, and therefore biood pressure. 

The inflammatory response is a physiological, homeo- 
static mechanism designed to respond to injury or infec- 
tion. Inflammatory mediator release usually provides 
beneficial effects; however, in shock, the inflammatory re¬ 
sponse becomes unregulated. 10 The production of immune 
mediators is triggered by ischemic or hypoxic insults and 
produces further tissue injury. The systemic inflammatory 
response syndrome (SIRS) is the term used to describe 
the nonspecific inflammatory process that accompanies 
these insults. 14 The immune response leads to changes in 


T and B lymphocyte responses, activation of the comple- 
ment Cascade, activation of coagulation factors, and cyto- 
kine release (tumor necrosis factor [TNF] and interleukin 
[IL]-6). These mediators exert their influence on the vascu- 
lature to produce inadequate perfusion or direct cellular 
injury. 10 All of these contribute to organ dysfunction and 
the eventual signs and symptoms the body may experience 
in shock. 

Management and Treatment 

General Considerations 

The overall goals of treatment for shock are to maintain 
adequate tissue perfusion, to avoid end-organ damage, 
and to treat the underlying primary process. Therapeutic 
strategies should enhance the delivery of oxygen and nutri- 
ents to the tissues, reduce the oxygen demand, and correct 
the metabolic abnormalities. Continuous monitoring of 
the patient’s response to interventions is critical and may 
lead to redirection of therapies. Early aggressive therapy of 
shock, focused on maintaining biood pressure and oxygen 
delivery, improves the outcomes in critically ill children. 1 

Assessment and Evaluation 

The approach to the child in shock begins with an evaluation 
of vital functions as expounded by the ABCs of resuscita- 
tion. 23 Maintenance of the airway and attention to oxygen- 
ation and ventilation are the initial priorities no matter the 
type of shock. The circulatory system is evaluated by the 
presence of a pulse. If a pulse is absent, cardiopulmonary 
resuscitation needs to be performed and cardiotonic medica- 
tions consistent with advanced life support need to be 
administered. 2 ’ 1 The presence and quality of the pulse reflect 
systemic vascular tone as well as cardiac output. Vascular 
access should be rapidly obtained, and if there is difficulty 
with peripheral venous access, an intraosseous or central 
venous route should be used. 13 

Once the ABCs are established, attention can be directed 
to measuring vital signs and performing a secondary sur- 
vey. Normal values for pulse, respiratory rate, and biood 
pressure are age dependent. The knowledge of these age- 
related differences is essential to being able to care for any 
child. 14,27 

A brief and directed patient history and physical exami- 
nation can be obtained at this point. It should be directed 
at determining a potential cause of the shock. In addition, 
obtain essential information regarding medical history, 
especially a history of congenital heart disease, immuno- 
deficiency, trauma, possible ingestion of toxic substances, 
medications, and allergies. 

After assessment of vital signs, an evaluation of the sys¬ 
temic perfusion as a sign of the effectiveness of the cardiac 
output is completed. Capillary refill (the process of blanch- 
ing the skin for several seconds and timing the return of 
biood flow to the blanched skin) is a quick, useful, and 
noninvasive test that provides important information 
regarding perfusion in the acute setting. 23 The normal 
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capillary refill time should be less than 2 seconds and cor- 
relates with a cardiac index of more than 2.0 L/min/m 2 . 23 
Prolongation of the capillary refill is considered a sign of 
inadequate tissue perfusion and impending shock. Assess- 
ment of the perfusion to the skin, the brain, and the kidney 
is often performed next because they are easy to perform 
and correlate better with hemodynamic measurements 
than capillary refill. 25 

Evaluation of the skin color and temperature is easily 
performed. The skin of children in shock may be pale, 
cyanotic, or mottled because of poor perfusion. Tradi- 
tionally, practitioners have described two phases of sep- 
tic shock. 1,12 In early septic shock the skin appears well 
perfused, warm, and pink. This occurs from the vasodi- 
lation and increased cardiac output. Later in the course 
of shock, the cardiac output begins to fall. The skin dur¬ 
ing this period is likely to be cool, cyanotic, or mottled 
and represents a decrease in the amount of substrate 
reaching the skin. Further assessment of the skin may 
reveal petechiae, poor skin turgor, or skin rashes indica- 
tive of a coagulopathy, hypovolemia, or an infectious 
etiology. 

Examining the child's level of awareness, orientation, 
and response to commands can assess perfusion to the 
child’s brain. It is important to ensure that medications 
that might obscure the examination have not been given. 
Children in shock may show signs of agitation or restless- 
ness. Alternatively, they may also have a mental status that 
is stuporous or comatose. 

Monitoring urine production assesses perfusion of 
the child’s visceral organs. If the child is making ade- 
quate urine (at least 1 ml/kg/hr), then the cardiac out¬ 
put to the kidneys, which produces renal biood flow 
and drives glomerular filtration, is considered adequate. 
Both the kidney and the brain have vasomotor autoregu- 
lation mechanisms that maintain biood flow and per¬ 
fusion in shock until a critical point is reached and 
perfusion pressure falls below the ability of the organ to 
maintain adequate biood flow. 1,13 At this point, the 
shock is classified as decompensated shock. In decom- 
pensated shock, the biood pressure falls and the perfu¬ 
sion of end organs is compromised. 

Laboratory values can often provide useful clues to the 
proper diagnosis and management of shock. Evaluation of 
the acid-base status including routine electrolytes and an 
arterial biood gas with the calculation of the anion gap are 
important first steps. 26 As shock progresses, a metabolic 
acidosis and an elevated lactate level may occur. Lactate is 
a measure of anaerobic metabolism but can also be ele¬ 
vated in many conditions in the absence of shock. 1 

Anemia, thrombocytopenia, and elevation of pro- 
thrombin time and partial thromboplastin times (PT/PTT) 
may identify a coagulopathy or disseminated intravascular 
coagulation (DIC). An elevated or reduced white biood 
cell count may indicate the presence of infection or an 


immunodeficiency. Elevated liver enzymes or creatinine 
may provide evidence about the extent of hypoperfusion 
to the liver and kidneys and potential for subsequent 
dysfunction in these organs. An electrocardiogram and a 
chest radiograph may offer valuable clues as the etiology of 
the shock is investigated. 

Monitoring 

The child in shock requires ongoing assessment, inter¬ 
vention, and reassessment. Attention to the effects of 
an intervention on vital signs and end organ perfusion 
must be continually observed. Children with fluid- 
responsive shock can be monitored with standard non- 
invasive methods. However, if the child fails to respond 
to fluid (e.g., more than 60 ml/kg), additional strategies 
for monitoring and maintaining equilibrium may need 
to be incorporated. In addition, if a treatment does not 
have its intended effect on restoring homeostasis, the 
therapeutic approach and underlying etiology need to 
be reconsidered. 

A number of technologies are available in the pediatric 
intensive care unit (PICU) for the assessment and monitor¬ 
ing of the child in shock. These techniques augment the 
information derived from the vital signs and physical ex¬ 
amination. The arterial catheter, the CVP monitor, and the 
pulmonary artery catheter are three of the more common 
strategies employed to detect physiological changes and to 
supplement the clinical assessment of the child in shock. 
Echocardiography can also be an important noninvasive 
technique that provides valuable information regarding 
cardiac structure and function as contributors to the 
shock State. 13 

The placement of a catheter in a peripheral or central 
artery can be performed for the monitoring of biood pres¬ 
sure on a continuous basis in the intensive care unit. Arte¬ 
rial catheterization can provide beat-to-beat monitoring 
of the biood pressure. 10 The shape and characteristics of 
the waveform provide additional information regarding 
the characteristics of the cardiac output, including vol- 
ume, afterload, and contractility. 

The placement of a catheter in the central venous sys¬ 
tem allows for an assessment of the volume status of the 
child with shock. The catheter, when attached to a con¬ 
tinuous column of fluid and a pressure transducer, mea- 
sures the downstream intravascular pressure, or CVP, in 
the right atrium. This intravascular pressure represents 
preload, one of the contributors to the stroke volume, 
which contributes to the cardiac output. Because the left 
side of the heart receives its biood from the right side of 
the heart, the measurement of these right-sided heart 
pressures is accepted as an alternative for the dynamics 
on the left side of the heart in the patient whose myocar- 
dial and pulmonary compliance is normal. If biventricu- 
lar function is equal and pulmonary artery resistance is 
low, CVP measurements closely reflect pulmonary artery 
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wedge pressure. 2 This information helps the provider to 
diagnose and treat the patient in shock. If the CVP is 
high in the setting of normal myocardial compliance, 
then the intravascular volume is adequate and may not 
be accounting for the reduction in cardiac output. The 
CVP may be elevated if the biood is unable to be ejected 
because of a failing myocardium. If the CVP is low, addi¬ 
tional intravenous fluid needs to be given to improve the 
intravascular volume deficit being observed. A central 
venous catheter also provides easy access for biood sam¬ 
pling, measuring mixed venous oxygenation, and provid- 
ing access for rapid fluid resuscitation and provision of 
inotropic medications if necessary. 

The use of a pulmonary artery (PA) catheter in children 
has been debated, but in children with fluid refractory and 
dopamine-resistant shock, the PA catheter may provide 
additional information to make a more appropriate assess- 
ment of the hemodynamic status of the patient. 13,28 The use 
of PA catheters in children is supported by the American 
College of Critical Care Medicine for circumstances in 
which irreversible shock manifesting as poor perfusion, aci- 
dosis, and hypotension persists despite the use of therapies 
directed at the arterial biood pressure, CVP pressure, and 
oxygen saturation indices. 13 In addition to the measure- 
ments obtained directly from the catheter, a number of 
derived values provide information regarding the homeo- 
static function of the child, including systemic vascular 
resistance as a measure of afterload and oxygen consumption 
and oxygen extraction. 

System-Based Treatment Approach 

Respiratory. Airway and breathing should be rigor- 
ously monitored and maintained for patients in shock. 
Endotracheal intubation with mechanical ventilation may 
reduce the work of breathing and optimize oxygen con- 
tent. During intubation, induction agents, cardiotonic 
medications, and respiratory support modes must be cho- 
sen carefully so as not to worsen an already compromised 
cardiovascular status. 

Vascular Volume. The rapid restoration of an adequate 
circulating biood volume is essential for a patient in shock 
regardless of the cause. 2 30 Normal saline or lactated Ringer’s 
solutions are the fluids of choice for initial resuscitation 
because they maintain intravascular volume. 1,10,13,29,30 The 
use of colloids, such as albumin or starch, to maintain 
intravascular volume has not been demonstrated to have 
a beneficial effect on survi val. 1,10,13 If there is evidence of 
anemia or suspected losses of biood, repletion of the intra¬ 
vascular volume with packed red biood cells should be 
performed. 1, 13,14 

The initial administration of 20 ml/kg of fluid is rec- 
ommended. 1,13,23,30 Reassessment of the patient’s condi- 
tion based on vital signs and end-organ perfusion helps 
to determine the need for additional fluid. 13 The admin¬ 
istration of intravenous fluid will decrease the heart rate 


and increase the MAP and CVP. Carcillo and colleagues 
demonstrated that when the initial amount of volume 
resuscitation administered within the first hour was cu- 
mulatively greater than 40 ml/kg, the survival rates were 
improved. 2 ’ Thus both the amount of fluid and the ra- 
pidity of administration have outcome benefits. Rapid 
volume resuscitation restores intravascular volume and 
reduces the inflammatory response and coagulopathy 
that often accompany shock. 1 Large fluid deficits typi- 
cally exist, and initial volume resuscitation usually re- 
quires 40 to 60 ml/kg but can be as much as 200 ml/kg 
in some cases of septic shock. 1,13,31 Continued fluid losses 
and persistent hypovolemia as a result of capillary leak 
can persist despite fluid resuscitation. Ongoing fluid re- 
placement is necessary to maintain adequate tissue perfu¬ 
sion, and large volumes may be required because vascular 
permeability results in peripheral and third space losses. 31 
When total administered volumes of 60 ml/kg are reached, 
intravascular monitoring and initiation of vasoactive sup¬ 
port should be considered. 

The development of rales, a gallop rhythm, hepato- 
megaly, and increased work of breathing may all indicate 
worsening cardiovascular function leading to pulmo¬ 
nary edema because of the relationship to the Frank- 
Starling principle. 32 Additional aliquots of fluid may be 
contraindicated at this point. 28,3 In these instances, 
careful invasive monitoring with pulmonary artery cath¬ 
eters can provide valuable information and help guide 
further management. 

Myocardial Function. Once the intravascular volume 
is optimized, manipulation of other components of car¬ 
diac output should be attempted. Abnormalities in heart 
rate resulting in poor perfusion and shock should be 
addressed quickly. An unstable tachycardia manifested 
with hypotension or signs of shock should be treated with 
electrical therapy in the form of synchronized cardiover- 
sion or defibrillation. 2 Cardioversion synchronizes the 
delivery of the shock with the QRS complex to prevent 
deterioration to a more lethal arrhythmia and should be 
used in patients who have a palpable pulse. Defibrillation 
delivers a shock regardless of the timing of the cardiac cy- 
cle and is indicated in pulseless rhythms that have resulted 
in cardiovascular collapse. 23 

Inotropic dysfunction can result from an abnormality 
in any of the structures of the heart or the abnormal con- 
tractility of the cardiac myocytes. Initially, adequate pre- 
load through the judicious use of fluid resuscitation to 
maintain stroke volume should be ensured. After preload 
has been restored, additional fluid may worsen the ability 
of the myocardium to maintain cardiac output, especially 
in cardiogenic shock. Hence, the support of the myocar¬ 
dium can then take place with inotropic agents that act 
by a number of different mechanisms and can be titrated 
to the appropriate clinical response, including the achieve- 
ment of appropriate MAP, CVP, and cardiac index to 
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ensure adequate perfusion. 13,33 Inotropic agents are used 
to increase contractility and cardiac output. Dobutamine 
is a pi-adrenergic agonist with chronotropic and inotropic 
actions, as well as afterload reduction. Dopamine, the 
most commonly used inotrope, increases renal biood flow 
but also has vasoconstrictive properties at high doses as a 
result of release of norepinephrine. Epinephrine is a natu¬ 
rally circulating neurohormone that increases contractility 
during stress and shock. ! At low dose it provides inotropy, 
but at higher doses it increases peripheral vascular tone 
and acts as a vasopressor. Patients with heart failure 
and increased systemic vascular resistance may be harmed 
by these higher doses unless epinephrine is combined with 
an inodilator or vasodilator. 1 Norepinephrine is another 
common inotropic agent and is effective for dopamine- 
resistant shock. It is a strong vasoconstrictor even at low 
doses but has better inotropic effects when combined with 
an inodilator. 

Inodilators work through a different mechanism. These 
drugs enhance inotropy while simultaneously vasodilating 
and reducing afterload, making it easier for the heart to 
eject biood. 1,32 Phosphodiesterase inhibitors, such as milri- 
none, mediate inotropy and vasodiladon by preventing 
hydrolysis of cAMP and therefore potentiate the effects of 
(3 receptor stimulation in cardiac and vascular tissue. 13 
Alone, these improve contractility and diastolic relaxation 
and also cause vasodilation of pulmonary and systemic 
arterial vasculature. When combined with inotropes, vaso- 
dilators, and vasopressors, the interaction provides even 
better contractility and relaxation. 

If the problem with inadequate cardiac function is 
related to elevations in afterload, vasodilators should be 
administered. 33 Vasodilators reduce pulmonary vascular 
resistance or systemic vascular resistance and thereby im¬ 
prove cardiac output by reducing afterload. 1 Nitroprusside 
is a systemic and pulmonary vasodilator. Nitroglycerin has 
dose-dependent effects on coronary artery vasodilation, 
pulmonary vasodilation, and systemic vasodilation that 
increase with increasing doses. Prostaglandins can also 
be used as vasodilators, especially in ductal-dependent con- 
genital heart disease. The use of vasodilators should be 
titrated to reducing afterload without causing tachycardia 
or diastolic hypotension. In many circumstances, inotropic 
agents in combination with vasodilators may be useful. 1, 13,23 
Conversely, vasopressors such as norepinephrine and epi¬ 
nephrine increase vascular tone, peripheral vascular resis¬ 
tance, and afterload and have inotropic effects. This helps 
to maintain perfusion to vital organs such as the brain, 
kidneys, and gastrointestinal tract. 

Hematological. In hemorrhagic shock or anemic 
shock, intravascular volume should be replaced with 
packed red biood cells. Although there are variable data 
regarding the ideal hemoglobin for pediatric patients in 
septic shock, it is known that mortality rates increase 
when hemoglobin levels are less than 6 mg/dl. Provision of 
biood improves circulating biood volume and increases 


the oxygen delivery and substrate to the tissues. Coagula- 
tion abnormalities occur in all forms of shock. Activation 
of the coagulation Cascade can lead to disseminated intra¬ 
vascular coagulation, which results in thrombocytopenia, 
decreased fibrinogen, elevated fibrin split products, and 
microangiopathic hemolytic anemia. 10 In prolonged States 
of shock, thrombosis and hypofibrinolysis can occur. The 
rapid reversal of shock often prevents disseminated intra¬ 
vascular coagulation and bleeding. 1 When resuscitation is 
inadequate, the replacement of clotting factors may be 
beneficial. Vitamin K, fresh frozen plasma, cryoprecipitate, 
and platelet transfusions should correct most coagulopa- 
thies. Activated factor VII has been effective in reversing 
refractory hemorrhagic shock in many situations. Patients 
with hemophilia or von Willebrand’s disease may need 
specific replacement therapy to control bleeding. 

Endocrine. Maintaining metabolic and hormonal ho- 
meostasis is important in children with shock. Adrenal 
insufficiency is common in the intensive care setting and 
presents with low cardiac output and high systemic vascular 
resistance or with high cardiac output and low systemic 
vascular resistance. 1 Adrenal insufficiency should be consid- 
ered in any child who is unresponsive to catecholamines, 
and there is a possibility that adrenal dysfunction actually 
contributes to the development of catecholamine-resistant 
shock. 2 This insufficiency has been associated with wors- 
ening of multiple organ failure and higher mortality. 22,34 
Steroid replacement should be considered when a measured 
cortisol level is less than 18 mg/dl. Hydrocortisone has 
glucocorticoid and mineralocorticoid effects and should be 
given at either a “stress” dose of 2 mg/kg/day or a “shock” 
dose of 50 mg/kg/day during acute shock. 1,31 

Electrolyte abnormalities are common in the ICU, and 
following their values is an important part of the evalua- 
tion and management of the shock patient. As patients are 
resuscitated with fluid, sodium values may become abnor¬ 
mal and need correcting or they may be part of the pre- 
senting signs of dehydration and hypovolemic shock. If 
kidney dysfunction is present, hyperkalemia may become 
an issue that contributes to cardiac dysfunction or arrhyth- 
mias. Hypocalcemia is a common, reversible contributor 
to cardiac dysfunction and should be treated to maintain 
normal ionized calcium levels. Increased intracellular cal¬ 
cium increases contractility, whereas decreased calcium 
leads to relaxation in cardiac and vascular smooth muscle 
cells. 1 Correction of electrolyte abnormalities is crucial in 
maintaining stability. 

Hyperglycemia occurs as a result of glycogenolysis and 
gluconeogenesis mediated by increases in adrenocortico- 
tropic hormone, glucocorticoids, glucagons, and catechol¬ 
amines as well as decreases in insulin. 10 Hyperglycemia 
contributes to reduced immune system function and pro- 
motes microbial and fungal growth. Although there is 
now more evidence to suggest that tight glucose control 
may not be as beneficial as once thought, extremes in ei¬ 
ther direction are not desirable. 
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Immunological. Treatment with broad-spectrum an- 
tibiotics with activity against gram-positive and gram¬ 
negative organisms should be started as soon as septic shock 
is considered. The choice of antibiotics should be based on 
the suspected focus of infection, 35 and the first doses 
should be given during the initial resuscitation. The choice 
of antibiotic can be narrowed once an organism is identi- 
fied. In many cases of septic shock, especially in neutrope- 
nic patients, cultures are negative. Despite this, antibiotics 
are typically continued for up to 14 days. Early antifungal 
therapy should be considered in immunocompromised 
patients and in those who are unresponsive to antibacte- 
rial therapy. 

Nutritional Status. Nutritional support of the criti- 
cally ill child has a role in maintaining stability, promoting 
healing, and improving the outcome from acute and 
chronic illness. 2,36 The goals of nutritional support are to 
promote these end points while simultaneously providing 
adequate metabolic substrate for the growth and develop- 
ment of the child. 36 The optimal balance is to maintain 
an anabolic State with positive nitrogen balance. Ideally, 
enteral or, alternatively, parenteral nutrition should begin 
as soon as cardiovascular stability is obtained. Early en¬ 
teral nutrition appears to prevent gut mucosal atrophy 
and bacterial translocation. ’ Evaluation of vitamins, trace 
elements, and immune-modifying nutritional agents did 
not demonstrate clear benefit. 

Extracorporeal Membrane Oxygenation. Patients 
remaining in shock despite the supportive therapies may 
benefit from mechanical cardiac support, such as extracor¬ 
poreal membrane oxygenation (ECMO). ECMO is highly 
effective for cardiogenic shock because it helps support the 
ailing heart, but it is less successful in septic shock, except 
possibly refractory low cardiac output septic shock. 1 Pa¬ 
tients may still require vasoactive agents (Table 30-2) for 
persistent hypotension but less inotropic support because 
the circuit provides inotropy. 1 There is also a potential role 
for ECMO in patients with other shock States such as septic 
shock. 


TABLE 30-2 


Commonly Used Vasoactives and Key Characteristics 


Dopamine 


Epinephrine 


Norepinephrine 

Vasopressin 

Milrinone 


Systemic effect determined by dose range; 
causes splanchnic and renal vasodilation 
at low to moderate doses; higher doses 
result in alpha effects 
Causes increase in peripheral vascular 
resistance; at lower doses, p 2 effects of 
smooth muscle dilation predominate; 
useful for anaphylaxis and vasoconstrictive 
shock States 

Augments systemic vascular resistance; best 
in vasodilatory shock States 
Systemic vasoconstriction 
Inodilator; causes lusitropy (end-diastolic 
relaxation) 


MENINGITIS 

Meningitis describes an inflammation of the overlying 
membranes of the brain and spinal cord, known as the 
meninges. The causes of meningitis are varied and include 
bacterial, viral, and other infectious etiologies; the natural 
history of the disease is equally diverse, with factors such 
as organism, age of patient, time to recognition, and other 
co-morbidities affecting clinical outcome. 

Definition and Classification 

The common causative agents for meningitis are age spe- 
cific. For neonates, the primary bacterial agents include 
Streptococcus agalactiae, Klebsiella species, Escberichia coli, and, 
uniquely, Listerid monocytogenes. In older infants through the 
early toddler years, Streptococcus pneumoniae , Neisseria menin- 
gitides , and Haemophilus influenzae are most likely. Infants are 
at particular risk for herpes simplex and enteroviral infec- 
tions. For specific circumstances such as after trauma or 
subsequent to neurosurgical procedures, staphylococcal 
species and gram-negative organisms may predominate. 
Antimicrobial therapy must thus be directed at the most 
likely causative agents. Universal vaccination programs have 
helped to substantially decrease the incidence of many types 
of bacterial meningitis. 

Viral meningitis typically follows a more indolent and 
benign course than bacterial and thus may have delayed di- 
agnosis. With the increased availability of viral and antigen 
testing, these organisms can now be identified. Although 
less common, fungal, parasitic, and tuberculous meningitis 
can occur with fulminant clinical courses. 

Pathophysiology 

The key pathological derangements of meningitis involve 
two primary components: disruption of the blood-brain 
barrier and resultant alternation of cerebral autoregula- 
tion. After typically hematogenous spread after nasopha- 
ryngeal colonization, the blood-brain barrier becomes 
disrupted by the pathogen leading to meningeal invasion. 
Inflammation of the subarachnoid space ensues with an 
accompanying inflammatory Cascade. The presence of 
these cytokines alters the neural vasoregulation, resulting 
in abnormal cerebral biood flow and potential alterations 
in intracranial pressure. 

Management and Treatment 

General Considerations 

Infants and children with meningitis may present with 
acute alteration in mental status, usually with bacterial 
meningitis, although especially in older children with viral 
infections, there may be a nonspecific prodrome before 
meningeal signs develop. Meningitis caused by bacterial in¬ 
fections such as N. meningitides may also present with multi- 
organ system dysfunction and characteristic signs such as 
purpura fulminans. If intracranial pressure is elevated, the 
patient may have vital sign abnormalities consistent with 
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Cushing’s triad. Symptoms such as loss of consciousness 
and seizures are late signs and may be preceded by headache, 
photophobia, emesis, meningismus, or alterations in men¬ 
tal status. 

Laboratory Testing 

Timely recognition and high index of suspicion for menin¬ 
gitis are essential to its successful management and treat¬ 
ment. Even with mere suspicion for meningitis, patients 
should receive early and aggressive antibiotic treatment 
given the relative low risk versus potential high value of 
antimicrobials. Cerebrospinal fluid (CSF) sampling should 
ideally occur before antibiotics are initiated; however, this 
should not delay therapy in circumstances when it is not 
possible. Observed pleocytosis within the CSF and, more 
recently, antigen testing can reliably aid the diagnosis of 
meningitis even when antibiotics have been administered 
beforehand; thus the goal is to treat without delay. Cere¬ 
brospinal fluid is commonly analyzed for cell count, pres- 
ence of organisms by Gram stain, glucose, and protein; 
additional testing such as bacterial antigen panels, herpes 
simplex virus (HSV) antigen, and latex agglutination test¬ 
ing may also be sent. 

The role of neurological imaging before lumbar punc- 
ture is somewhat controversial. When patients have clear 
signs of intracranial hypertension, imaging is warranted to 
assess for presence of mass lesion and the associated risk of 
herniation with spinal tap. There is yet to be a universal 
recommendation for preimaging in children, especially in 
consideration of the risks of childhood exposure to ionizing 
radiation. 

In most cases, empiric antibiotic therapy with vancomy- 
cin and a third-generation cephalosporin is recommended. 
When there is concern for HSV, acyclovir is included, and 
for neonates, ampicillin is routinely added because of the 
risk of Listerid infection. Dexamethasone is recommended 
as adjunctive therapy in cases of H. influenzae meningitis 
to reduce the incidence of hearing loss. 3 For aseptic men¬ 
ingitis, which typically follows a benign clinical course, 
supportive care is recommended. 

The primary complications of meningitis include las ting 
neurological impairment, seizures, brain abscess, disorders 
of sodium homeostasis, and cerebral edema. As discussed, 
timely diagnosis and therapy may help to mitigate the worst 
of the possible outcomes. 

SUM MARY 

Although most children remain healthy, medical condi- 
tions such as shock and meningitis still pose a significant 
risk to their well-being. We have provided an overview of 
these two disease processes here, with specific attention to 
septic shock and anaphylaxis as two shock States that ac- 
count for a substantial amount of pediatric morbidity. 
Through our discussion of these topics, we hope we have 
sufficiently underscored the value of thoughtful and 


timely clinical evaluation coupled with prompt institution 
of therapy in the care of pediatric patients. 

; KEY POINTS 

• Timely recognition and early treatment of shock can 
help mitigate the risk of its morbidity and mortality in 
children. 

• The goal of all shock treatment is to optimize oxygen 
delivery. 

• judicious antimicrobial therapy is the mainstay of 
managing sepsis syndromes. 

• Anaphylaxis should be primarily managed with 
epinephrine. 

• Meningitis is still an important cause of neurological 
disability in children, but again, timely recognition and 
early treatment are essential. 


| ASSESSMENT QUESTIONS 

1. All but which of the following describes a shock State? 

A. Hemorrhagic 

B. Obstructive 

C. Hypovolemic 

D. Cardiogenic 

E. Oliguric 

2. Cardiac output is determined by all of the following 
except: 

A. Afterload 

B. Inotropy 

C. Preload 

D. Heart rate 

E. Oxygen content 

3. Which of the following is a correct statement about 
oxygen consumption? 

A. It depends on oxygen-carrying capacity. 

B. It can be measured directly from the pulmonary 
artery catheter. 

C. It is a measure of the oxygen utilized by the body. 

D. Oxygen consumption increases as cardiac output 
decreases. 

E. Lower oxygen consumption has been associated 
with improved survival. 

4. Howwould shock from a burn be classified? 

A. Distributive 

B. Obstructive 

C. Cardiogenic 

D. Hypovolemic 

E. Anaphylactic 

5. What should initial assessment ofa patient in shock 
include? 

A. Attention to ABCs 

B. Examination of mental status 

C. Brief, directed history 

D. Examination of the skin 

E. All of the above 
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14. Which ofthe following are true regarding meningitis? 

A. I nf! ammation ofthe meninges is always due to 
bacterial infection. 

B. Meningitis does not cause cerebral edema. 

C. Bacterial meningitis is most often the result of 
hematogenous spread. 

D. There is little risk of chronic morbidity with 
bacterial meningitis. 

E. Bacteria, the cause of meningitis, are always 
gram-positive organisms. 

15. Which ofthe following is/are complications of 

bacterial meningitis? 

A. Vision loss 

B. Hearing loss 

C. Mental retardation 

D. Subdural empyema 

E. All ofthe above 


6. Regardless of etiology, what is the first step in treat- 
ment of shock? 

A. Begin rapid fluid infusion. 

B. Establish and maintain an airway. 

C. Place a central line. 

D. Start dopamine. 

E. Give a shock dose of steroids. 

7. Which ofthe following enhances inotropy and 
vasodilation? 

A. Milrinone 

B. Dopamine 

C. Norepinephrine 

D. Dobutamine 

E. Phenylephrine 

8. Which ofthe following are commonly seen as part 
ofthe shock State? 

A. Adrenal insufficiency 

B. Disseminated intravascular coagulation 

C. Electrolyte abnormalities 

D. Hyperglycemia 

E. All ofthe above 

9. What are the major components of sepsis? 

A. Infecting organisms leading to direct tissue 
damage and organ dysfunction 

B. An excessive host inflammatory response 

C. A faiiure of counterregulatory mechanisms 

D. All ofthe above 

10. Which ofthe following is correct regarding the 
treatment of sepsis? 

A. Limited volume resuscitation improves 
outcome. 

B. Dopamine is the best initial vasoactive substance 
for the hypotensive patient. 

C. ECMO is a commonly used form of hemodynamic 
support. 

D. Activated protein C is recommended for pediatric 
patients. 

E. Early empiric antimicrobial therapy is critical in 
the treatment of sepsis. 

11. Which patient group(s) have an increased riskof 
sepsis? 

A. Oncology patients 

B. Transplant patients 

C. Patients with chronic diseases 

D. Patients with indwelling central venous catheters 

E. All ofthe above 

12. Symptoms from anaphylaxis may be: 

A. Immediate 

B. Delayed 

C. Cutaneous 

D. Cardiovascular collapse 

E. All ofthe above 

13. The treatment of anaphylactic shock includes which 
ofthe following? 

A. Epinephrine 

B. Antihistamines 

C. Steroids 

D. Limiting antigen exposure 

E. All ofthe above 
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EPIDEMIOLOGY 

Trauma remains the leading cause of death for children ages 
1 to 19 years. In the past decade the nation has generally seen 
a decrease in incidence of pediatric trauma. Child injury, 
which is preventable, is the number one cause of death in the 
United States. Death rates as a result of unintentional injuries 
have dropped by almost 30%. Yet these preventable injuries 
accounted for more than 9000 pediatric deaths in 2009. 
Motor vehicle accident (MVA) fatalities have decreased 41% 
from 2000 to 2009. Unfortunately motor vehicle accidents 
are the leading cause of death, accounting for nearly half of 
the deaths. Deaths as a result of drowning, fire/burn, and falls 
have all decreased, whereas poisoning and suffocation have 
increased 80% and 30%, respectively. 1 Violent (intentional) 
deaths accounted for approximately 4900 pediatric deaths 
in 2009. Homicide and suicide are the leading contributors 
to intentional deaths among youth in the United States. 2 

ANATOMICAL CONSIDERATIONS 

Children are not just small adults. It is important to under¬ 
stand the fundamental differences between adults and 
children. Notable are the size and shape differences. There 
is a greater distribution of force per unit body area because 
of smaller body mass resulting in greater acceleration. The 
child’s body has less fat, elastic connective tissue, and close 
proximity of multiple organs. This can place the child with 
a penetrating injury at risk of multiple organ involvement. 
Children also have a large surface area relative to volume, 
predisposing them to thermal evaporative loss resulting in 
hypothermia. A child’s skeleton is more pliable because 
of incomplete calcification. Trauma can result in serious 
organ injury without overlying skeletal fracture. Children 
have multiple active growth centers (physes). Injury can re¬ 
sult in unique fractures with potential growth arrest or 
abnormality. The pediatric airway has several features that 
are unique and challenging. The oral cavities are small 
with relatively large tongue and tonsils, which can cause 
obstruction. Infants and children have relatively large oc- 
ciputs, which can cause an airway obstruction when the 
neck is flexed while the child is lying in the supine position. 
The airway is narrow with a floppy, U-shaped epiglottis 
creating unique challenges for artificial airway placement. 

MECHANISM OF INJURY 

Knowledge of the mechanism of injury (MOI) provides 
clinicians with information on the traumatic external event 
and the potential internal injuries. MOI includes the cause 
or the reason for the injury, the amount of force applied, and 
the vector or direction of that force. For example, “The 
patient was the front seat passenger in a two-car motor 
vehicle accident (MVA). The car in which she was riding was 
hit on the driver’s side at 30 mph while entering an intersec- 
tion at 5 to 10 mph when the light had just turned green. 


Both she and the driver were wearing seat belts.” This expla- 
nation of the mechanism of the patient’s injuries provides 
information concerning potential pathophysiological impact 
and helps determine the type and extent of possible injuries. 

INITIAL ASSESSMENT 
AND DIAGNOSIS 

The initial assessment is the same for all pediatric patients 
who have sustained a traumatic injury regardless of 
mechanism. Always assume cervical spine (C-spine) injury 
and take necessary precautions during the assessment. The 
head and neck should be held in line with the body by 
placing a cervical collar or by assigning an individual to 
hold the patient in C-spine precautions. 

A complete head-to-toe assessment of the patient is de- 
sirable but may have to be postponed or abbreviated until 
the patient’s condition is stabilized. The initial assessment, 
or the primary survey, consists of ABCD: 

• Airway patency 

Breathing support 

adequacy of Circulation 

Disability (neurological assessment) 

Airway Patency 

Without a patent (open or clear) airway, other interven¬ 
tions are of little value. A patent airway will help maintain 
physiological integrity and help ensure oxygenation. 

A patent airway can be initiated by means of a jaw- 
thrust maneuver to open the airway. Maintain the airway 
with orotracheal intubation, nasotracheal intubation, cri- 
cothyrotomy, or tracheostomy. In order to maintain cervi¬ 
cal spine stabilizations, do not use the head-tilt, sniff position , or 
chin-lift maneuvers because these procedures change the orienta- 
tion of the spinal column and increase the risk of additional spinal 
injury. The jaw-thrust technique may be used in these children 
unless otherwise contraindicated. 

Caution is necessary when moving or positioning the 
patient to prevent further displacement of any spinal frac¬ 
tures and additional damage to the spine, spinal cord, and 
cranial or spinal nerves. Therefore the head, neck, spine, 
and body should be treated as a single entity and moved in 
unison and in the same plane. 

Breathing Support 

Breathing support includes providing supplemental oxygen. 
The patient may require only a nasal cannula or possibly ar¬ 
tificial ventilation with bag-valve-mask resuscitators. Breath¬ 
ing support may progress to intubation with bag-valve-tube 
ventilation and eventually to mechanical ventilation. 

Provide for all possible adverse airway events by having 
the appropriate equipment on hånd. Give high concentra- 
tions of oxygen, and monitor oxygen saturation with a pulse 
oximeter (Spo 2 ) and ventilation with a capnometer (ETco 2 ). 
Correlate Spo 2 and ETco 2 with arterial biood gas (ABG) 
measurements to determine the adequacy of oxygenation 






CHAPTER 31 • Pediatric Trauma 


589 


and ventilation. If the patient is breathing without difficulty 
and is not likely to vomit and aspirate, a face mask is appro- 
priate. Remember to protect the airway from aspiration of 
biood, vomit, and other substances. If respirations deterio- 
rate or the patient’s State of consciousness declines, me- 
chanical ventilation should be instituted immediately. 

Adequacy of Circulation 

Assess pulse rate and pressure at all pulse points and note 
significant discrepancies. Pulse oximetry is a valuable 
adjunct for this purpose. Both manual and automatic 
biood pressure monitors are appropriate. 

Assessing capillary refill is a quick and specific method 
of checking the adequacy of peripheral circulation. One 
method of determining capillary refill is to depress the 
patient’s thumbnail with moderate force. This will cause 
the underlying tissue to blanch (turn white or pale pink) 
by forcing biood from the tissue. Releasing the pressure 
allows biood to refill the tissue’s capillaries. Normal capil¬ 
lary refill time is less than 2 seconds. Inadequate capillary 
refill on initial assessment may be caused by regional per¬ 
fusion problems. To rule out this possibility, repeat the 
capillary refill test on the opposite hånd. 

Failure of the patient to maintain biood pressure, heart 
rate, and rhythm indicates the need for vasopressors, fluid 
administration, or cardiopulmonary resuscitation (CPR). 

When assessing pulse rate, remember to differentiate 
between electrical activity (as measured with electrocardio- 
gram [ECG]) and pulsate beats. ECG measures the electri¬ 
cal activity of the heart, not necessarily the beating of the 
heart. In this case pulse oximetry, which detects pulsate 
flow (biood flow caused by the heart’s beating action), is a 
better assessment of perfusion than the ECG. 

Disability 

Immediate assessment of neurological status is beneficial in 
acute trauma management. The most common way to per¬ 
form this assessment is with the Glasgow Coma Scale 
(GCS) score. Patients are scored in three areas: eye opening, 
verbal response, and motor response. Although the stan¬ 
dard GCS is accurate for use in adults, older children, and 
adolescents, the age-specific GCS combines adult and child 
forms so it is applicable to all ages. The age-specific GCS is 
particularly useful in nonverbal children (Table 31-1). 

If the GCS is less than or equal to 8, the patient likely 
does not have the ability to protect his or her airway and a 
more definitive airway should be established. Intubation 
is the most common option for a definitive airway, with 
cricothyroidotomy being a secondary option. 

After assessment and stabilization, the secondary sur- 
vey can be performed. A complete head-to-toe examination 
will be performed. Diagnostic testing and imaging may be 
used. Once all injuries are identified, a plan of care can be 
developed for the patient. All members of the trauma team 
should be aware of the plan so everyone is working toward 
the same goals, both short term and long term. 


TABLE 31-1 


Age-Specific Glasgow Coma Scale* 

Points Infant/Preverbal Child 

Verbal Child/Adult 

Eye Opening (E) 

4 Spontaneous 

3 To speech 

2 To pain 

1 None 

Spontaneous 

To speech 

To pain 

None 

Verbal Response (V) 

5 Coos, babbles 

4 Irritable cries 

3 Cries to pain 

2 Moans to pain 

1 None 

Oriented 

Confused 

Inappropriate words 
Incomprehensible sounds 
None 

Motor Response (M) 

6 Normal, spontaneous 

5 Withdraws to touch 

4 Withdraws to pain 

3 Abnormal flexion 

2 Abnormal extension 

1 None 

Obeys commands 
Localizes pain 

Withdraws to pain 
Abnormal flexion 
Abnormal extension 

None 

Modified from Laskowsi-Jones L, Salati DS. Responding to pediatric 
trauma. Nursing 2001;31:37. 

* Score = E + V + M. Normal, 15 or 16 points; mildly impaired con¬ 
sciousness, 13 or 14 points; moderate impairment, 9 to 12 points; severe 
impairment, 3 to 8 points. 


HEAD INJURIES 

Epidemiology 

Damage to the brain or skull is among the most potentially 
serious and handicapping of all traumatic injuries. Head 
injuries are a primary cause of trauma deaths in both adults 
and children. A brain injury occurs in the United States 
every 15 seconds, and more than 1 million people with 
head injury are seen in emergency departments (EDs) each 
year. More than 5.3 million Americans are disabled from 
traumatic brain injury (TBI). 3 An estimated 1.7 million 
people sustain aTBI annually. Of them, 52,000 die, 275,000 
are hospitalized, and 1.35 million, nearly 80%, are treated 
and released from an emergency department. 

The National Center for Injury Prevention and Control 
estimates that more than 510,000 traumatic 4 brain inju¬ 
ries occur annually in children 0 to 14 years of age in the 
United States. 

■ In every age group, TBI rates are higher for males than 
for females. 

• Males age 0 to 4 years have the highest rates of TBI- 
related emergency department visits, hospitalizations, 
and deaths combined. 

■ TBI is a contributing factor to a third (30.5%) of all 
injury-related deaths in the United States. 3 

■ The number of people disabled or killed is even higher 
when nontraumatic organic causes are factored into the 
epidemiology of brain injury. 

A child’s head is large and heavy in relation to the body. 
Therefore the center of gravity shifts toward the head. In 
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addition, a child’s balance, coordination, gait, and judgment 
are immature, which results in children being especially vul- 
nerable to falis with head injury 6 (Figure 31-1). Because of 
these factors, children fail more frequently than adults and 
thus have a higher percentage of head injuries. The size and 
weight of the head also tend to rotate the child’s body into 
a head-down position, often leading to headfirst impacts. 

Inertial injuries, such as what is commonly seen in 
automobile accidents or shaken baby syndrome (SBS), 
account for a large number of head and central nervous 
system (CNS) injuries, especially in infants younger than 
1 year of age. Infants have weak neck muscles and struggle 
to support their relatively heavy head. When a baby is 
shaken, forceful movement of the head results in brain in¬ 
jury as the brain impacts the sides of the skuli with each 
movement. Health care professionals, including respiratory 


therapists, are required by law to report suspected incidents 
of SBS to legal authorities. 

Anatomical Considerations 

Injuries from head trauma can fail anywhere on the Spec¬ 
trum from no harm to the worst-case scenario of death or 
significant disability. 

The outcome and potential disability caused by each 
injury may vary in effect and seriousness based on many 
factors. Age is a major factor in some cases, allowing infants 
and young children to compensate for injuries when adults 
might sustain a permanent injury. Also, repetitive injuries 
have a cumulative effect, as evidenced by “punch drunk” 
boxers or football players with multiple concussions. 

The brain has functional specificity (Figure 31-2). That 
is, certain areas of the brain are responsible for certain 



somatosensory association 

FIGURE 31-2 General functional areas of the cerebral cortex. 
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functions. However, the brains of infants and children 
apparently have a large degree of plasticity in redistribut- 
ing function from a damaged area to an undamaged area. 
In adults the ability of the brain segments to adapt to new 
functions seems to be rarely, if ever, present. This flexibility 
of assigned purpose provides protection and enhances 
rehabilitative potential for infants and children but de- 
creases with age as the maturing brain becomes patterned 
and locked into its distribution of functional capacity. 

Infants and young children also have malleable skulls 
because of the large fontanels (“soft spots”) and the flat 
bones of the skuil, which have not yet fused and still may 
be cartilaginous before ossification (Figure 31-3). These 
factors allow for elasticity of the cranial vault and lessen or 
prevent both fractures and pressure-related brain injuries 
during passage through the birth canal. Skull malleability 
also protects against damage from other sources, such as 
trauma or illness causing increased pressures in the cranial 
vault. This protection occurs by allowing a degree of 
expansion of the cranial volume. 

The normal newborn brain and spinal cord are imma- 
ture and not completely myelinated until about 18 months 
of age. As interbrain connections (synapses) are completed 
and the integrative functions of the brain begin to mature, 
more of the brain becomes active and functional. Knowl- 
edge of these processes and conditions are crucial when 
assessing neurological status in infants and children with 
incomplete CNS development and integration. Their reac¬ 
tions and responses will change as the children age and 
gain maturity. 

Diagnostic Assessment 

As in other conditions, the proper diagnosis of the cause, 
type, and extent of cerebral injury depends on both the 
subjective and objective data associated with the patient’s 
condition. 

Subjective Data 

Subjective data cannot be collected by the assessor’s senses 
(e.g., sight, touch, smell) without input from the patient. 


Anterior fontanel 




FIGURE 31-3 Comparative bone structure in infant and adoles- 
cent skulls. 


The presence, extent, and magnitude of pain and fear sta¬ 
tus are examples of subjective data that the patient must 
be asked to reveal. Because infants and young children of¬ 
ten cannot effectively verbalize these factors, the assessor 
must be alert for clues that suggest a problem. For exam- 
ple, an exaggerated response to the examiner’s touch may 
indicate pain. 

Parents may be the best sources of information about 
variations from normal behavior. The exception would be 
if a high index of suspicion of child neglect or nonacci- 
dental trauma (NAT) exists. NAT, or child abuse, should 
be suspected if the severity of injury does not match the 
stated mechanism, the child has other injuries consistent 
with NAT, or the parent or child displays significantly 
odd behavior. “Accidental falls rarely produce significant 
head injuries,” according to Dr. Karl Johnson. A study 
of 94 patients ages 4 months to S years who had been 
witnessed falling from heights ranging from 20 cm 
(8 inches) to more than 3 meters (9.9 feet) found that 89% 
to 95% had “no significant long-term problems.” Severe 
head injury in patients younger than 5 years of age blamed 
on falls or household accidents should raise suspicions 
about the possibility of abuse. 6 Further, head injury, ac¬ 
cording to Rubin et al., is the leading cause of death in 
abused children younger than 2 years of age. 

In these cases the law requires that, among others, 
licensed health care professionals, including respiratory 
therapists (RTs), notify legally designated authorities. 

Objective Data 

Objective data relate to the mechanism of injury, the 
patient’s medical history (past and present), and the situa¬ 
tion that led to injury event. The child’s past medical his¬ 
tory indicates the body’s preinjury State. The present 
medical history may reveal exposure to harmful substances 
or activities. 

Additional objective data help the clinician track the 
patient’s physiological response to injury and treatment. 
Objective data are measurable and allow discovery and 
recording of trends in the treatment and recovery pro- 
cess. Such data include laboratory studies, radiographs, 
computed tomography (CT) scans, magnetic resonance 
imaging (MRI), electrocardiograms (ECGs), electroen- 
cephalograms (EEGs), and lumbar puncture (LP). Objec¬ 
tive data also include pulse, biood pressure, temperature, 
and respirations. Recently two other “vital signs” have 
been added to this list. One, pulse oximetry, is objective 
(measurable and quantifiable) and the other, pain, is con- 
sidered subjective. Pain, however, is often measured using 
“pain scales.” The use of these scales is a method of objec- 
tifying this symptom. 

Data Gathering 

Age-specific subjective and objective data are gathered 
simultaneously during the patient assessment process. 
Children are often poor historians because of age, 
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emotional/psychiatric problems, or rhe injury itself. It is 
often necessary to rely on eyewitness accounts of the 
events or reports or educated guesses of accompanying 
adults to determine cause and mechanism of injury. 
Trends and alteration from the norm are particularly im- 
portant in this and other noncommunicative populations. 
Cultural or language differences may markedly affect both 
data gathering and interpretation. Care should be taken to 
ensure that patients and their families understand what 
information is needed and what care methods are to be 
employed during the diagnosis and treatment process. 
Time spent gathering data may not seem important to 
parents awaiting focused treatment for their child, but 
they should be informed that the more knowledge about 
the child, the child’s medical and social history, and the 
details of the circumstances of the injury the medical staff 
have, the better and more focused the care for their child. 

Stabilization 

The initial approach to all traumatic injuries, including 
head injuries, is with the primary survey, ABCD (Airway, 
Breathing, Circulation, Disability). This was discussed pre- 
viously. In this section, a few items specific to head injuries 
are highlighted. 

Airway Patency 

The first step should always be to ensure a patent airway. 
In a child with a head injury, remember to assume cervical 
spine injury and maintain C-spine stabilization. Therefore 
the most effective airway maneuver, while in C-spine 
precautions, is a jaw-thrust. 

In patients with direct cranial trauma, avoid nasotra- 
cheal intubation, nasotracheal suctioning, or inserting 
nasogastric tubes because inadvertent cranial intubation 
may result through open fractures of the cranial vault, 
especially in patients who may have basilar skull injuries or 
paranasal fractures. In addition, irritating procedures such 
as nasopharyngeal or nasotracheal suctioning, insertion of 
a nasogastric tube, or intubation may result in an exacer- 
bation of an already increased intracranial pressure. If 
these procedures are necessary, they should be performed 
with caution. 

Breathing Support 

Breathing support ensures adequate oxygenation and 
ventilation. Skull and facial fractures or lacerations may 
preclude mask ventilation. Remember to protect the air¬ 
way from aspiration of biood, vomit, and other substances. 

If respirations deteriorate or the patient’s State of con- 
sciousness declines, mechanical ventilation should be in¬ 
stituted immediately. Minimize peak inspiratory pressure 
(PIP), mean airway pressure (Paw), and select inspiratory 
and expiratory times that favor prolonged expiration if 
possible. Decreasing Paw minimizes outflow tract resis- 
tance from the cerebral vasculature, enhancing cerebral 
perfusion by minimizing effects on intracranial pressure 


(ICP). Remember to minimize suctioning to prevent 
coughing and gagging on the tracheal tube or suction 
catheter, which may increase ICP. 

Adequacy of Circulation 

Circulation should be assessed as part of the primary sur¬ 
vey, as explained previously, with pulses and capillary refill 
being the main focus. Biood pressures will be equally im¬ 
portant in head injuries to ensure adequate circulation to 
the brain taking into consideration increased intracranial 
pressure. Vasopressors may be necessary to increase sys- 
temic biood flow. 

Disability (Neurological Assessment) 

This is a vital component of the primary survey in patients 
with head injuries. A quick GCS score will help the pro- 
vider know if the patient is able to protect his or her own 
airway, or if a more definitive airway needs to be estab- 
lished. In addition, if a head injury is significant, maintain- 
ing lower body temperatures should be considered. (This is 
discussed further in the increased ICP section.) 

Secondary Survey 

In the overall head-to-toe examination, there may be some 
physical findings that can help the provider establish a diag¬ 
nosis with respect to head injury. Variation in the respiratory 
pattern can help reveal the location of brain injury and the 
bod/s attempt to compensate for physiological change. In 
some patients the abnormal respiratory patterns are the 
bod/s attempt to alter cerebral perfusion pressure and dis¬ 
tribution. In other patients these changes in respiration are 
the direct result of injury to respiratory control centers in the 
brain. Some classic “signs” are associated with certain head 
injuries. These signs indicate fractures of the basilar skull. 
Traumatic head injury may be highlighted by the presence of 
Battle’s sign or “raccoon eyes.” Battle’s sign represents ecchy- 
mosis or bruised areas behind the ear that indicate basilar 
skull fractures. The self-explanatory term raccoon eyes repre¬ 
sent bruising discolorations around the orbits. Both Battle’s 
sign and raccoon eyes are the bod/s attempts to show inter¬ 
nal injury with as simple a sign as a small bruise. 

As a result of a meta-analysis conducted by Bergman and 
colleagues and published in Pediatrics, a joint Subcommittee 
on Minor Closed Head Injury of the American Association 
of Family Practice (AAFP) Committee on Quality Improve- 
ment suggests that “among children with minor closed 
head injury and no loss of consciousness, a thorough his¬ 
tory and appropriate physical and neurologic examination 
should be performed. Subcommittee consensus was that 
observation in the clinic, office, emergency department or 
home and under the care of a competent observer should be 
used as the primary treatment strategy.” 8 

Greenes and Schutzman report the results of a prospec- 
tive study of infants with head injuries in which 608 infants 
(ages 11.2 ± 6.8 months) were studied. “The authors’ 
findings suggest that radiology screening of head-injured 
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infants should be directed at two groups of patients: those 
with symptoms and signs of brain injury, and those with- 
out symptoms or signs of brain injury but with significant 
scalp hematomas.” 9 

Increased Intracranial Pressure 
Anatomical Considerations 

The size of a normal infant’s skuil is determined by its 
contents. The normal skuli contents consist of three sub- 
stances: brain tissue, biood, and cerebrospinal fluid (CSF). 
The growing brain causes the skull to increase in size. Nor¬ 
mal circumferential head growth in the term newborn is 
2 cm per month for the first 3 months, 1 cm per month for 
the second 3 months, and 0.5 cm per month for the next 
6 months. Excessive head growth resulting from separa¬ 
tion of the cranial sutures is an important feature of 
increased ICP throughout the first year of life. When the 
separation of cranial sutures is no longer sufficient to de- 
compress increased ICP, the infant becomes lethargic, does 
not take feedings, and vomits. 

After infancy or when the suture lines and fontanels 
close, the skull can no longer increase in size, and the total 
pressure within the skull is caused by the size of its 
contents—the brain tissue (80% to 90% of the intracranial 
content by volume), CSF (5% to 10%), and biood (5% to 9%). 
The Monro-Kellie doctrine or hypothesis may be para- 
phrased as follows: In a closed system, such as the skull, an 
increase in the size of one component requires compres- 
sion of the other components to maintain a constant 
ICP. 10 If the internal volume of the skull is 500 ml, for 
example, and the brain, biood, and CSF volume is 450 ml, 
then 50 ml of expansion volume remains in the skull. 
According to the Monroe-Kellie doctrine, if the volume of 
these three components increases by more than 50 ml, 
compression of the skull contents occurs. 11 Because CSF 
and biood are fluids and thus almost incompressible at 
physiological pressures, the compression will occur in the 
brain tissue. Compression of the brain tissue inhibits 
biood flow by reducing cerebral perfusion pressure (CPP) 
and causes cerebral tissue hypoxia, ischemia, and coma. 
CPP = mean BP — ICP and averages 85 ± 15 mm FIg. 

The patient whose condition has progressed to coma 
requires testing to determine the presence of increased in¬ 
tracranial pressure. Normal ICP is 130 mm H 2 0 (10 mm Hg). 
Computed tomography (CT) scans or magnetic resonance 
imaging (MRI) are used to evaluate the brain for evidence 
of fluid buildup, displacement of the brain, or displace- 
ment of the ventricles of the brain. Alternatively, direct 
pressure measurements may be obtained by lumbar punc- 
ture or by inserting a needle into the interspinal spaces 
between L3 and L4 or L4 and L5 and attaching a pressure 
monitor. Other methods of measuring ICP include using 
an intracranial pressure monitor (subarachnoid screw) or a 
cerebral ventricular catheter. Because these direct methods 
are invasive and potentially dangerous, CT or MRI are the 
preferred, at least as screening tools. 


Increased ICP can be a life-threatening feature of an 
encephalopathy. CSF and biood acting on the brain and 
bony structures of the skull generate ICP. In the newborn 
and infant, measuring the head circumference and palpat- 
ing the anterior fontanel allow rapid assessment of ICP. 
Bulging of the fontanels may be a key sign of increased ICP 
that requires a response by caregivers. Gentie palpation of 
the fontanels may reveal pulsations of the fontanels that 
may occur normally at a frequency equal to the pulse rate. 
It is unusual for these pulsations to be either absent or of 
bounding force. 

Clinical Features 

Headache. A common symptom of increased ICP at all 
ages is headache, primarily caused by traction and dis¬ 
placement of intracranial arteries. When increased ICP is 
generalized, as from cerebral edema or obstruction of the 
ventricular system, headache is generalized and is more 
prominent in the morning on awakening. The pain is con¬ 
stant but varies in intensity. Coughing, sneezing, straining, 
and other maneuvers that transiently increase ICP exagger- 
ate the headache. The quality of pain is often difficult to 
describe. Vomiting in the absence of nausea, especially 
on arising in the morning, is often a concurrent feature. 
Vomiting itself is, of course, also a source of increased ICP. 
With knowledge of the MOI, the clinician is able to assess 
the potential pathophysiological impact on the patient. 

Diplopia and Strabismus. Diplopia is characterized 
by double vision caused by a disruption of the extraocular 
muscles or the muscle nerves. Strabismus, caused by 
paralysis of one or both abducens nerves so that the eye 
cannot turn outward, is a relatively common feature 
of generalized increased ICP. Strabismus may be a more 
prominent feature than headache in children with in¬ 
creased ICP. 

Papilledema. Papilledema is passive swelling of the 
optic disc caused by increased ICP. Examining the eye with 
an ophthalmoscope allows visualization of the disc. The 
edema is usually bilateral; unilateral edema suggests a mass 
lesion behind the affected eye. Early papilledema is asymp- 
tomatic, and the patient experiences transitory distur- 
bances of vision only with advanced disease. Preservation of 
visual acuity differentiates papilledema from primary optic 
nerve disturbances, such as optic neuritis, in which blind- 
ness occurs early in the course of disease. lj 

As edema progresses, the optic disc swells and is raised 
above the plane of the retina, causing the disc margin to be 
obscured. Tortuosity (twisted appearance) of the veins also 
results. If the process continues, the retina surrounding 
the disc becomes edematous so that the disc appears 
greatly enlarged and retinal exudate radiates from the 
fovea. Eventually the exudate clears; however, optic atro- 
phy ensues and blindness may be permanent. Even if 
increased ICP is relieved during the early stages of disc 
edema, 4 to 6 weeks are required before the retina appears 
normal again. 
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Hemiation. Increased ICP may cause portions of the 
brain to shift from their normal location into other com- 
partments, compressing structures already occupying that 
space. Such shifts may occur under the falx cerebri, 
through the tentorial notch, and through the foramen 
magnum. Brainstem herniation is an emergency condition 
that, if not rapidly addressed, will almost surely result in 
major injury and probable death. 

Lumbar puncture is generally contraindicated in pa¬ 
tients with increased ICP because of the concern that a 
change in fluid dynamics will cause brainstem herniation. 
LP is especially hazardous when pressure between cranial 
compartments is unequal. This prohibition is relative, and 
early LP is the rule in infants and children with suspected 
CNS infections, despite the presence of increased ICP. LP 
is also used to diagnose and treat increased ICP in pseudo- 
tumor cerebri. 

Monitoring 

Enthusiasm is declining for the continuous monitoring of 
ICP in children. Despite advances in technology, the effect 
of pressure monitoring on outcome is questionable. It is 
not indicated in children with hypoxic-ischemic encepha- 
lopathies and has marginal value in children with other 
types of encephalopathy. 1 ' Use of LP to obtain CSF pres¬ 
sure readings is a dangerous and risky procedure in infants 
with disorders such as hydrocephalus—a condition that 
causes increased production or reduced clearance of 
cerebral spinal fluid leading to markedly increased ICP as 
evidenced by a large swollen skuil. The symptoms and 
prognosis of increased ICP depend more on the cause than 
on the level of pressure attained. Systemic arterial biood 
pressure should be monitored along with ABG values and 
oxygen saturation. 

Treatment 
Head Elevation 

Elevating the head of the bed 30 to 45 degrees above hori- 
zontal decreases ICP by improving jugular venous drain- 
age. The head should also be kept in the midline position 
so that the vasculature on each side of the neck is not com- 
pressed. Systemic biood pressure is not affected, so the 
overall result is increased CPP. 

Hyperventilation 

ICP declines within seconds of beginning hyperventila¬ 
tion. The mechanism is vasoconstriction resulting from 
hypocarbia. The goal is to lower the partial pressure of 
arterial carbon dioxide (Paco 2 ) from 40 to 25 mm Hg. 
Further reduction can result in cerebral ischemia and is 
contraindicated. Vasoconstriction is maintained as long as 
hyperventilation is continued. When hyperventilation is 
withdrawn, however, the vessels again dilate and biood 
flow returns to normal. To prevent a rebound effect, in 
which biood flow increases above baseline, hyperventila¬ 
tion should be withdrawn gradually. Disponde writes, 


“The limits of cerebral autoregulation may be shifted 
to significantly lower values (mean arterial pressure [MAP] 
20 to 60 mm Hg) in the neonates and infants. The ‘margin 
of safety’ is narrower as the infant is less able to compen- 
sate for acute hypo- or hypertension. Low MAP presents 
the risk of ischemia while hypertension in infants may 
present risk of intracranial hemorrhage. Response to hy¬ 
perventilation (low Paco 2 ) in infants may be brisk, with a 
risk of inducing cerebral ischemia with extremely low 
Paco 2 (<20 mm Hg).” 14 

Hyperventilation is achieved by endotracheal intuba- 
tion or tracheostomy and mechanical ventilation. Use of 
hyperventilation should be limited to the first few hours 
of care to protect against rebound vasoconstriction and 
increased ICP. Careful monitoring of ICP and Paco 2 
should always accompany hyperventilation. Colorimetric 
end-tidal carbon dioxide monitoring is not appropriate 
in these cases because that technique does not provide 
accurate numerical data for use in either monitoring or 
trending the hyperventilated patient. 

Also, be aware that intubation and tracheostomy, in 
addition to the risks of damage to the tracheal mucosa and 
development of tracheoesophageal fistula, carry the risk of 
ventilatory-associated pneumonia (VAP). A strong correla- 
tion exists between nosocomial pneumonia and aspiration 
of oropharyngeal and gastric emesis. These fluids travel 
down the exterior of the artificial airway into the open 
airway past the epiglottis, which is propped open by the 
tracheal tube. In older children with a cuffed tube, these 
secretions pool between the larynx and the top of the cuff, 
poised to flow down the airway into the lungs. The use 
of continuous positive airway pressure (CPAP) may help 
prevent this type of pneumonia by increasing the pressure 
gradient between the airway and the oral cavity, thus 
restraining the fluid flow. 15 

Osmotic Diuretics 

Mannitol and hypertonic saline are the two osmotic 
diuretics most widely used in the United States. Mannitol 
is given intravenously as a 20% solution. It does not cross 
the blood-brain barrier and remains in the plasma, creat- 
ing an osmotic gradient that draws water from the brain 
into the capillaries, thus reducing cerebral fluid volume 
and therefore ICP. The effect is short term, and infusions 
must be given 3 to 6 times each day. Repeated infusions of 
mannitol also cause dehydration as well as fluid and elec- 
trolyte imbalances. Rebound may occur when mannitol is 
discontinued. 

Hypertonic saline is given intravenously as an initial 
bolus and then continuously. Close monitoring of sodium 
levels is necessary, as well as monitoring for signs of 
dehydration. 

Corticosteroids 

Corticosteroids, such as dexamethasone, are controversial 
in the treatment of vasogenic edema. Onset of action is 
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12 to 24 hours, and peak action may be delayed even lon¬ 
ger. The mechanism is uncertain, but cerebral biood flow 
(CBF) is not affected. Corticosteroids are most useful 
for reducing edema surrounding mass (space-occupying) 
lesions. These agents are not beneficial in cytotoxic edema, 
as seen after hypoxic-ischemic injuries. The delay in onset 
of action limits the usefulness of corticosteroids in patients 
needing emergent or urgent cerebral volume reduction. 

Hypothermia 

Hypothermia decreases CBF and is often used concur- 
rently with pentobarbital coma. It is not clear how much 
improvement is gained by hypothermia in addition to 
other measures that decrease CBF, such as head elevation, 
hyperventilation, and pentobarbital coma. 

In a recent well-designed study in adults, 392 subjects 
(16 to 65 years of age), all sustaining closed head trauma, 
were randomly assigned to a control (normothermic) 
group or an experimental group (hypothermia within 
6 hours of injury to 33° C for 48 hours), with the patients 
in each group having similar injuries by type and severity 
and mean age. The outcomes were poor in 57% of each 
group (resulting in a vegetative State, disability, or death). 
The death rates were 27% in the normothermic subjects 
and 28% in the hypothermic group. The hypothermic sub¬ 
jects also had more complications and more hospital days 
but fewer episodes of increased ICP. The authors con- 
cluded that hypothermia was not advantageous in this 
group of patients. 16 ' 18 

The studies for benefits of hypothermia in children after 
traumatic brain injuries have not been as positive. Currently 
the standard of care is to keep the body temperature cool 
but not hypothermic. Flowever, in neonates, hypothermia 
has been shown to be extremely beneficial for hypoxic- 
ischemic encephalopathy after birth trauma. 

Pentobarbital Coma 

Barbiturates such as pentobarbital reduce CBF, decrease 
edema formation, and lower the brain’s metabolic rate. 
These effects do not occur at anticonvulsant plasma concen- 
trations but require brain concentrations sufficient to 
produce a burst-suppression pattern on the EEG. Pento¬ 
barbital medically induced coma is particularly useful in 
patients with increased ICP resul ting from disorders of mito- 
chondrial function, such as Reye’s syndrome. In adults, 
medically induced coma is increasingly being seen as a way of 
“resting the brain” to aid healing of the fragile brain tissue. 

Ventilatory Maneuvers 

The increase in intrathoracic pressure that occurs during 
positive-pressure ventilation may impede cerebral venous 
return and increase ICP. Therefore the patient should be 
mechanically ventilated with the lowest peak pressures pos- 
sible. A minimal level of positive end-expiratory pressure 
(PEEP) should be used to maintain adequate ventilation at 
low mean airway pressures. Chest physical therapy and 


postural drainage positioning may also exaggerate the ICP 
and should be used with caution. Care should be taken to 
monitor and maintain inflation of newly recruited alveoli. 
Suctioning may increase the ICP and should be performed 
minimally and must be preceded with oxygen-supplemented 
hyperventilation. It is also important to prevent Valsalva 
maneuvers and coughing, each of which can cause marked 
increases in ICP. 

Treatment 

After assessment and stabilization, a plan is developed for 
definitive treatment and evaluation. Before and through- 
out treatment, a comprehensive plan should be in place 
that includes goals, outcomes, and evaluation criteria. 
Preferably these plans are developed by an interdisciplin- 
ary team of acute care and rehabilitation professionals 
and will be reviewed with the patient’s family as care 
progresses. 

As previously discussed, protection of the airway and 
cervical spine, protection from further injury, and progress 
toward recovery goals guide the plan of care for the brain 
injury patient. The plan encompasses three major goals, as 
folio ws: 

1. Determine the correct diagnosis. 

2. Treat the injuries and sequelae in an appropriate, caring, 
and resource-sparing manner. 

3. Develop and implement a rehabilitation plan that is 
timely, centers on increasing quality of life, and employs 
strategies that maximize the patient’s control of and 
autonomy in the rehabilitation process. 

Evaluation of any plan of care is based on the desired 

outcomes. This evaluation should result in improvements 
and should be adaptable to make both the assessment and 
the plan dynamic processes. Outcomes goals and evalua¬ 
tion objectives should be dynamic guides that are revised 
as the clinical situation changes with the patient’s re- 
sponse to treatment. The evaluation process should be 
based on achievable and measurable therapeutic goals and 
objectives. For example, a goal in the brain-injured patient 
might be to reduce positional hypertension or hypoten- 
sion. The associated objective might be to reduce biood 
pressure swings to 10 mm Hg with position changes. 

Clearly, all members of the care team, the patient, and 
family should be aware of the plan, its goals and objectives, 
and the progress toward fulfillment of the goals. This re- 
quires open and honest Communications beginning early 
in the process and maintained throughout the stabiliza¬ 
tion and rehabilitation phases. 

In addition to neurological care, the incapacitated 
patient needs care for the eyes, the skin, gastrointestinal 
tract, urinary tract, and pulmonary and cardiovascular 
systems. Keep the head of the bed elevated to control cere¬ 
bral edema. In some cases hyperventilation or hypoventila- 
tion assists in controlling edema as well as maintaining 
body integrity. Nutritionally, caloric demands need to be 
met. Preventing skin and muscle deterioration helps 
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to prevent further injury. Additionally, head of the bed 
elevation to 30 to 45 degrees helps prevent aspiration and 
hospital-acquired pneumonia. All these systems must be 
functional when the patient’s brain recovers. 

Status Epilepticus 

The condition in which seizures are repetitive and do not 
stop spontaneously is called status epilepticus. Seizures 
begin with abnormal neurons that discharge repeatedly. Re¬ 
petitive seizures increase the bod/s requirements for adeno- 
sine triphosphate (ATP), which in turn increases metabolic 
needs for oxygen and glucose. Apnea, hypoxemia, and hypo- 
glycemia may result, along with increased oxygen consump- 
tion and lactic acidosis. Anoxic injury to the brain and other 
organs, as well as cardiac arrhythmias and traumatic injuries 
(e.g., tongue laceration, concussion), may also occur. 

Status epilepticus is a medical emergency that requires 
prompt attention. A controlled airway must be established 
immediately, and supplemental oxygen and mechanical 
ventilation should be rapidly available. Venous access must 
be established and biood withdrawn for measurement of 
glucose and electrolyte levels. Other tests, such as anticon- 
vulsant drug concentrations and toxicology screens, are 
performed as indicated. 

Intranasal midazolam and rectal diazepam can be used 
initially as anticonvulsants while intravenous (IV) access is 
being established. Once an IV or an intraosseous line is 
obtained lorazepam is the most common medication used. 
Lorazepam is typically given multiple times. If the seizure 
has not stopped, other IV medications include fospheny- 
toin, keppra, valproic acid, and phenobarbital. All the 
anticonvulsants used in the emergency setting can cause 
some degree of respiratory depression. It is important to 
note that when the medications are used together there is 
a compounding effect on respiratory depression. If none 
of the medications administered is effective in stopping 
the seizure, a pentobarbital coma may be necessary. For 
this, the patient should be intubated and mechanically 
ventilated and vital signs need to be monitored closely. 

To achieve pentobarbital coma in the patient with sta¬ 
tus epilepticus, boluses of pentobarbital are infused until 
a burst-suppression pattern appears on the ECG monitor, 
which is continuously recording. Hypotension occurs with 
large doses, and vasopressor support may be necessary. 


The coma can be safely maintained for 3 days; longer coma 
periods may cause pulmonary edema. The ECG should be 
checked several times each day for the burst-suppression 
pattern. The coma can be lifted every 48 to 72 hours to see 
whether the seizures have stopped. Mechanical ventilation 
should be continued until the patient regains conscious- 
ness and can spontaneously support ventilation and until 
reflexive airway protection is adequate. 

This discussion of head injury is not exhaustive but 
should serve to illustrate to the reader that these injuries 
and conditions are potentially life threatening and life 
altering. The mastery of skilis relate to ventilator and 
airway control are often among the most crucial in the 
care and survival of these patients. 

Specific Considerations 

Cerebral disorders are the result of trauma, altered cellular 
function secondary to drugs, metabolic problems, anoxia, 
or genetic-developmental disorders. Cerebral disorders 
range from inconsequential to profoundly debilitating, 
from not being able to remember a distant relative’s phone 
number to being in a persistent vegetative State (PVS). 

The term encephalopathy is used to describe a diffuse 
disorder of the brain with many causes. The prominent 
features of encephalopathy are a decreased State of con- 
sciousness, abnormal response to external stimulus, and 
seizures. An encephalopathy is called encephalitis when 
inflammatory cells are found in the CSF. These altered 
States of consciousness and rationality may be constant or 
transitory; they may be temporary disabilities or perma¬ 
nent life-altering conditions. 

Encephalopathy secondary to oxygen deprivation is called 
anoxic or hypoxic encephalopathy (anoxic brain damage) 
and is the cause of many serious brain injuries. The primary 
goal of management of head injury in children is to prevent 
secondary injury to the brain. Prevention of hypoxia, is- 
chemia, and increased intracranial pressure is essential. 10 

Lethargy and Coma 

A progressive decline in consciousness can be caused by 
diffuse or multifocal disturbances of the cerebral hemi- 
spheres or by focal injury to the brainstem. Specific charac- 
teristics are used to describe and delineate various States of 
decreased consciousness (Table 31-2). 


TABLE 31-2 


Classifications of Stupor and Coma 


Responds Appropriately to 


Grade 

State of Awareness 

Name 

Light Pain 

Deep Pain 

1 

Drowsy, lethargic, indifferent; does not lapse into sleep 

Yes 

Yes 

Yes 

2 

Stuporous; lapses into sleep; may be disoriented 

No 

Yes 

Yes 

3 

Deep stupor; responds to deep pain 

No 

No 

Yes 

4 

Does not respond to appropriate stimuli; possible decorticate and 
decerebrate posturing; retains deep tendon reflexes 

No 

No 

No 

5 

Nonresponsive, flaccid, no deep tendon reflexes, apneic 

No 

No 

No 
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The GCS, although originally designed for trauma 
cases, is now used to provide clinicians with a standardized 
system to assess a patient with an altered level of con- 
sciousness. The pediatric coma scale was developed to 
assess infants and toddlers who are unable to speak or fol- 
low commands (Figure 31-4 and Box 31-1). 19 Although 
pupil diameter and light reactivity are not addressed in the 
coma scales, they are important indicators of cerebral 
herniation and should be assessed during a neurological 
examination. 20 Combining the pediatric and adult GCS 
scoring method may be helpful in evaluating transitionally 
aged children or when age is uncertain. 

The clinical features that localize the anatomical site of 
disturbed brain function are State of consciousness, pattern 
of breathing, pupillary size and reactivity, eye movements, 


NEUROLOGIC ASSESSMENT 


Pupils 

Right 

Size 


• 1 

+ + = Brisk ^ 2 

+ = Sluggish 

- = No reaction ^ g 

C = Eye closed ^ 

by swelling ^ 

• 

• 

Usually record 7 

best arm 
or age- 

appropriate 8 

response 

Pupil scale 
(mm) 

Reaction 


Left 

Size 


Reaction 


Eyes 

open 

Spontaneously 4 


To speech 3 


To pain 2 


None 1 


Best 

motor 

response 

Obeys commands 6 


Localizes pain 5 


Flexion withdrawal 4 


Flexion abnormal 3 


Extension 2 


None 1 


Best 

response 

to 

auditory 

and/or 

visual 

stimulus 

>2 years 


<2 years 

Orientation 5 


5 Smiles, listens, follows 

Confused 4 


4 Cries, consolable 

Inappropriate words 3 


3 Inappropriate persistent cry 

Incomprehensible words 2 


2 Agitated, restless 

None 1 


1 No response 


Endotracheal tube or trach T 



COMA SCALE TOTAL 




HANDGRIP 

Equal 

Unequal 

R_L 

Weakness 

LOC 

Alert/oriented X4 

Sleepy 

Irritable 

Comatose 

Disoriented 

Combative 

Lethargic 

Awake 

Sleeping 

Drowsy 

Agitated 


MUSCLETONE 

Normal 

Arching 

Spastic 

Flaccid 

Weak 

Decorticate 

Decerebrate 

Other _ 

EYE MOVEMENT 

Normal 
Nystagmus 
Strabismus 
Other_ 


FONTANEL/ 

WIN DOW 

Soft 

Flat 

Sunken 

Tense 

Bulging 

Closed 

Other_ 

MOOD/AFFECT 

Happy 

Content 

Quiet 

Withdrawn 

Sad 

Flat 

Hostile 


FIGURE 31-4 Pediatric coma scale. (From Hockenberry M, 
Wilson D: Nursingcare of infants and children, ed 9. St. Louis: Mosby, 
2011 .) 


Box 31-1 


Children’s Coma Scale 


* 


I. OCULAR RESPONSE 

4 = Pursuit 

3 = Extraocular movement intact, reactive pu pi Is 
2 = Fixed pu pi Is or extraocular movement impaired 
1 = Fixed pupil and extraocular movement paralyzed 


II. VERBAL RESPONSE 


3 = Cries 

2 = Spontaneous respirations 
1 = Apneic 


III. MOTOR RESPONSE 

4 = Flexes and extends 
3 = Withdraws from painful stimuli 
2 = Flypertonic 
1 = Flaccid 


* Score — I I- [ [ + III. Maximum score — 11; minimum score = 3. 


and motor responses. 21 Lethargy and obtundation are 
generally caused by mild depression of the cerebral 
hemispheres. Stupor and coma occur when hemispheric 
dysfunction is more extensive or when the diencephalon or 
upper brainstem is involved. Abnormalities in the dominant 
hemisphere have a greater effect on consciousness than 
those in the nondominant hemisphere. 

Respiratory Effects 

Hypothalamic and midbrain damage results in rapid, sus- 
tained, deep hyperventilation (central neurogenic hyper¬ 
ventilation). Injury to the medulla and the pons affects the 
respiratory centers and produces several different patterns: 

1. Apneustic breathing, with a prolonged pause at full 
inspiration; 

2. Ataxic breathing, which consists of random, ineffective, 
haphazard breaths and pauses without a predictable 
pattern; and 

3. Primary alveolar hypoventilation (Ondine's curse), a 
failure to breathe while sleeping, which is the failure of 
automatic breathing centers when asleep. 
Cheyne-Stokes respirations, during which periods of 

hyperpnea alternate with periods of apnea, result from an 
extensive, usually bilateral, diencephalic disturbance with 
an intact brainstem. 

The most common cerebral causes of respiratory insuf- 
ficiency are increased ICP and drugs that depress brain 
function. Barbiturates are often used to put the brain into 
an inactive State, inducing a coma to treat encephalopa- 
thies and intractable seizures (status epilepticus). Intuba- 
tion and mechanical ventilation must be initiated before 
barbiturates are given. 

Persistent Vegetative State 

The terms persistent vegetative State (PVS) and neocortical 
death are used interchangeably to describe patients who, 
after recovery from coma, return to a State of wakefulness 
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without cognition. PVS is “a form of eyes-open permanent 
unconsciousness in which the patient has periods of wake- 
fulness and physiological sleep/wake cycles, but at no time 
is the patient aware of him- or herself or the environ- 
ment.” 22 Brainstem functions such as respiration and cir- 
culation are intact, and with good nursing care, survival is 
indefinite. With intensive and aggressive therapy, patients 
tend to maintain basic vital signs but are usually technol- 
ogy dependent and have an apparent poor quality of life. 

PVS occurs in 12% of adults who survive nontraumatic 
coma but is probably less common in children. The usual 
causes, in order of frequency, are anoxic and ischemic 
brain injury, metabolic or encephalitic coma, and head 
trauma. Recovery is rare when the vegetative State has per- 
sisted for 1 month in adults. The prognosis may be better 
in children, although recovery after 3 months is unlikely. 

The American Academy of Neurology has adopted the 
policy that all medical treatment, including the provision 
of nutrition and hydration, may be ethically discontinued 
when the following conditions are met: 21 

1. A patient’s condition has been diagnosed as a PVS 

2. It is clear that the patient would not want to be main- 
tained in this State 

3. The family agrees to discontinue therapy 

Recent adult cases have brought these issues to the fore¬ 
front of public and professional debate without a clear 
consensus on the discontinuation of medical support tech- 
nologies and techniques used to accomplish life-sustaining 
activities. 

THORACIC TRAUMA 

Thoracic trauma encompasses a broad range of injuries in 
the pediatric population, from those iatrogenic injuries en- 
countered in the newborn infant through acquired trau¬ 
matic injuries seen in adolescents. The traumatic thoracic 
injuries encountered in children generally present in a some- 
what different fashion from those encountered in adults and 
usually are better tolerated, within a background of normal 
pulmonary function. Overall, thoracic trauma accounts for 
about 5% to 10% of admissions in pediatric trauma centers. 24 
This section covers the more common forms of thoracic 
birth trauma, acquired blunt and penetrating thoracic 
trauma, and special forms of iatrogenic thoracic trauma, 
perhaps seen more commonly in children than adults. 

Birth Trauma 

The fetus is exposed to considerable compression stresses 
in passage through the birth canal for vaginal delivery. The 
flexibility of the fetal thoracic skeleton allows considerable 
pulmonary compression in this process and occasional 
pulmonary trauma. 25 

Nerve Injury 

Distortion of the axial skeleton during delivery can stretch 
and damage the nerves involved with the respiratory 


mechanics of the newborn, particularly the phrenic nerve, 
which arises from the C4 level in the neck. 26 Flexion and 
extension of the neck during the delivery process can 
stretch the origin of the phrenic nerve and cause diaphrag- 
matic paralysis. Depending on the degree of injury, this 
may be transient or permanent. 

The newborn infant, with diminutive extrathoracic 
musculature, is primarily a diaphragmatic breather. Paral¬ 
ysis of the diaphragm may cause significant respiratory 
embarrassment. Abdominal pressure is always greater than 
pleural pressure in the newborn, and the paralyzed dia¬ 
phragm tends to elevate in the chest, compressing the ipsi- 
lateral lung and shifting the mediastinum to compress the 
contralateral lung. In this setting the infant may have a 
tidal volume sufficiently restricted to require intubation 
and mechanical ventilation. In general, one should wait for 
3 to 6 weeks to judge if the phrenic nerve will recover from 
the injury before considering surgical treatment. 

The surgical therapy for persistent diaphragm paralysis 
consists of plication of the diaphragm, performed either 
through an open thoracotomy or by thoracoscopic tech¬ 
niques. 2 The plication shortens the diaphragm fibers and 
flattens the diaphragm on that side to allow better expan- 
sion of the ipsilateral lung and movement of the mediasti¬ 
num to a more central position. Even in neonates without 
severe respiratory compromise, one must be concerned with 
persistent compression of the pulmonary parenchyma as 
this can interfere with postnatal pulmonary development. 

There is a congenital condition of the newborn in 
which muscle ingrowth never occurs into the hemidia- 
phragm, and the resultant physiology is identical to that 
of phrenic nerve palsy. Infants with so-called eventration 
of the diaphragm will never recover function and consider- 
ation should be given to early plication in these patients. 

Congenital Chylothorax 

It is thought that another pulmonary injury that may oc- 
cur during the birth process is congenital chylothorax. 
This condition occurs in approximately one in every 20,000 
live births and the infants are noted to have a significant 
pleural effusion that develops shortly after delivery. It is 
felt that elevation of the venous pressure by thoracic com¬ 
pression in the birth canal causes an elevation of pressure 
in the thoracic duet and actually ruptures branches or per¬ 
haps congenital malformations of this duet, allowing chyle 
to leak into the thoracic cavity. Chyle is a fluid rich in pro¬ 
tein and lymphocytes and its loss may cause a significant 
protein deficit for the newborn infant, in addition to pre- 
senting significant pulmonary compression. 

Infants with congenital chylothorax often present with 
severe respiratory compromise secondary to compression of 
the ipsilateral lung and shift of the mediastinum. They should 
be treated with immediate chest tube drainage and they 
should receive nothing by mouth to minimize the formation 
of thoracic duet lymph. Their nutrition should be supplied 
by total parenteral nutrition until the chyle leak ceases. 
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In approximately 30% of these patients the leak will not 
stop with these measures and surgical treatment will be 
required, either by placement of a pleuroperitoneal shunt 
to drain the fluid into the peritoneal cavity, where it can be 
absorbed, or by thoracotomy with thoracic duet ligation to 
cease all lymphatic flow through the chest. Both these 
techniques have approximately an 80% success rate in 
managing infants with congenital chylothorax. 28,29 

Pneumothorax 

Pneumothorax occurring in the newborn infant will be 
discussed in more detail in the section on iatrogenic 
trauma because in most cases this is caused by overzealous 
positive-pressure ventilation of the newborn. 

Transition from fetal life—with a fluid-filled, Consoli¬ 
dated lung—to newborn life with an expanded and aerated 
lung is a complicated process. Compression of the thorax 
in the birth canal can begin to mobilize fluid from the 
pulmonary parenchyma, but many infants will require 
positive-pressure assistance to fully expand their lung. 
This is particularly true in the premature infant in whom 
pulmonary surfactant levels may be quite low. Positive- 
pressure ventilation of these small infants must be per- 
formed at very low peak inspiratory pressures. If high 
pressures are employed to rapidly expand regions of Con¬ 
solidated lung, the portions of the lung that are aerated 
will expand more rapidly. Occasionally this expansion 
is sufficient to rupture the visceral pleura and cause a 
pneumothorax, with sudden deterioration in pulmonary 
funetion. These infants must be treated with prompt 
placement of a chest tube and reduction of the peak inspi¬ 
ratory pressures. 

Blunt Thoracic Trauma 

Pulmonary Contusion 

Significant blunt thoracic trauma is relatively less com- 
mon in the pediatric population than in adults. Overall, 
blunt chest trauma accounts for 80% of the chest injuries 
that occur in civilian populations. 30 The child’s ribs and 
cartilage are more flexible than the adult’s, and the thorax 
can be quite significantly compressed without fracturing 
ribs. This compression causes trauma to the underlying 
pulmonary parenchyma with resultant edema and occa- 
sional hemorrhage into the parenchyma. As children get 
older and approach adolescence the ribs begin to calcify 
and stiffen and rib fractures are seen more commonly in 
this population. If the fractured end of a rib penetrates the 
visceral pleura of the lung beneath it, a pneumothorax is 
produced. These patients can present to the emergency 
room in extreme respiratory distress and improvement in 
ventilation is often seen immediately with placement of a 
chest tube. 

Flail Chest 

When several adjacent ribs are fractured in two areas, a flail 
segment of the chest wall may be produced. This segment 


of the chest moves in paradoxical fashion with respiratory 
effort, collapsing with inspiratory effort and expanding 
with expiration. This paradoxical motion interferes with 
tidal ventilation of the ipsilateral lung and, in conjunction 
with pulmonary parenchymal contusion, may cause serious 
respiratory embarrassment. 

Although in the past attempts had been made to wire 
the rib ends together to stabilize this segment of the tho¬ 
racic wall, these were difficult operations requiring multi¬ 
ple incisions and often did not provide sufficient stability. 
Likewise, merely strapping that segment of the chest wall 
with stiff bandages may prevent the flail segment from 
expanding with expiration but will not prevent the col- 
lapse and pulmonary compression with inspiration. Chil¬ 
dren with significant segments of flail chest wall are best 
treated with intubation and positive-pressure ventilation 
with paralysis. 31 Over a 5- to 7-day interval, the inflamma- 
tory healing process stabilizes the ends of the ribs 
and minimizes the flail, and these patients can usually be 
successfully extubated at that point. 

Penetrating Thoracic Trauma 

Although the majority of thoracic trauma in children 
occurs from blunt injury, penetrating thoracic trauma 
carries a significantly higher mortality for these patients. 
Isolated penetrating trauma, without significant associ- 
ated injury, carries approximately 5% mortality in pediatric 
patients, and the mortality with multiple injuries may be 
as high as 15% to 20%. 32 The range of injuries encountered 
with penetrating trauma in children varies considerably, 
depending on the offending object and the axis of injury. 
In general, stab wounds, particularly those with pocket 
knives having short blades, cause the least severe injuries, 
while high-velocity missiles, such as occur in hunting ac- 
cidents, cause the most severe tissue damage and internal 
injury. 

Incidence 

The incidence of penetrating thoracic trauma varies with 
age, with older children and adolescents having a signifi¬ 
cantly higher incidence than infants and younger children. 
A greater proportion of injuries in the older children are 
associated with handguns or knives used in criminal activ- 
ity, although a small percentage are secondary to hunting 
or industrial accidents. The most common injury sus- 
tained with penetrating thoracic trauma is a pneumotho¬ 
rax or hemothorax with accumulation of air or biood 
within the pleural space. 

Resuscitation 

Often the extent of intrathoracic injury is difficult to pre- 
dict from the mechanism of injury, particularly in those 
cases with gunshot wounds, in which the missile may be 
deflected by bony structures and take a circuitous route. 
All these patients should be stabilized in the emergency 
department before any diagnostic studies are obtained. 
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An adequate airway must be ensured, with many of these 
children requiring immediate intubation. The adequacy 
of ventilation should be monitored with transcutaneous 
oxygen saturation, and mechanical ventilation may be 
required for those individuals who are hypoxic (Sao 2 
less than 80%) or tachypneic (respiratory rate more than 
45 breaths/min). Two large-bore IV catheters should be 
inserted for fluid resuscitation to maintain adequate tissue 
perfusion. Several clinical studies in the past decade have 
suggested more favorable clinical outcomes in individuals 
resuscitated with limited intravenous volume administra¬ 
tion before control of the source of bleeding. 3, For most pe¬ 
diatric patients, systolic biood pressures of 80 to 100 mm Hg 
should be sufficient to maintain adequate tissue perfusion 
during this interval. 

Imaging 

Although the diagnosis of penetrating thoracic trauma is 
usually rapidly evident from the history of the mechanism 
of injury and the physical examination, specific informa¬ 
tion with regard to intrathoracic organ injuries will require 
further radiologic and interventional procedures. Patients 
presenting with severe respiratory distress should be 
treated immediately by intubation and ipsilateral tube 
thoracostomy, before any radiologic studies are obtained. 
Patients with less severe symptoms and those who have 
been stabilized are initially investigated with an AP chest 
radiograph. Although this should ideally be obtained with 
the patient in a semiupright position, in practice it is usu¬ 
ally acquired with the patient supine. Small collections of 
biood and air may be difficult to appreciate in the supine 
chest radiograph as biood tends to layer posteriorly and air 
collections accumulate anteriorly. Subtle changes in the 
density of the radiograph on the ipsilateral side, compared 
to the contralateral side, may be the only clue to these 
injuries. Careful attention to the ribs, cardiac shadow, 
mediastinal space, and diaphragm contours should be 
observed on this initial radiograph. The position of the 
endotracheal tube and nasogastric tube, if present, should 
also be noted. A chest CT scan may be more sensitive for 
identifying small pneumothoraces and pneumomediasti- 
num. CT arteriogram may define major vascular injuries, 
although aortography may be necessary to provide more 
precise anatomic details in some of these injuries. 34,35 The 
evacuation of more than 300 cc of biood from the pleural 
space after placement of a chest tube, or continuous bleed- 
ing through the chest tube, should prompt evaluation for 
a major vessel injury. Patients with penetrating injuries 
suspected of involving the mediastinum should undergo 
esophagoscopy or contrast esophagography. These patients 
also should undergo fiberoptic bronchoscopy. Patients 
with penetrating injury in whom either entrance wounds or 
exit wounds are below the level of the nipples should be 
suspected of having diaphragm and intraabdominal inju¬ 
ries. These patients should undergo abdominal CT scan to 
assess for that possibility. 


Pneumothorax/Hemothorax 

The injuries associated with penetrating thoracic trauma 
include pneumothorax, hemothorax, pulmonary paren- 
chymal injuries, major airway injuries, great vessel injuries, 
esophageal injuries, and diaphragmatic injuries. Pneumo¬ 
thorax is seen as a consequence of virtually all penetrating 
thoracic trauma as the pleural space is opened to atmo- 
spheric pressure, even if the visceral pleura is not violated 
(Figure 31-5). The presence of both biood and air in the 
pleura space is referred to as hemopneumothorax. Air 
under pressure in the pleural space, as might occur with 
a ball-valve-type injury of the visceral pleura, is termed a 
tension pneumothorax. 36 

In any instance in which intubation is considered in the 
presence of a traumatic thoracic injury, attention should 
be paid to the possibility of a tension pneumothorax being 
present, because positive-pressure ventilation may increase 
the pressure within the chest and further compromise the 
patient’s respiratory and hemodynamic status. Otherwise 
healthy young individuals can generally tolerate a moder¬ 
ate unilateral pneumothorax but may be quite symptom- 
atic with a tension pneumothorax because of the mobility 
of the mediastinum in children. Although some patients 
with a small unilateral pneumothorax may be treated ex- 
pectantly, most children with pneumothorax as a conse¬ 
quence of penetrating trauma should be treated with a 
chest tube. Likewise, all children with a significant hemo¬ 
pneumothorax should receive a chest tube for drainage of 
the pleural biood. Some of these children will not require 



FIGURE 31-5 Pneumothorax involving the right lung. Note the 
pleural line along the right lateral chest wall where the lung has 
pulled away from the chest wall as it collapsed toward the hilum. 
(From Heuer A. Wilkins’ clinical assessment in respiratory care, ed 7. 
St. Louis: Mosby, 2014.) 
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inrubation and most will not require thoracotomy for Con¬ 
trol. On the other hånd, children who suffer high-velocity 
penetrating injuries of the chest wall will require intubation 
and often thoracotomy to control bleeding and pulmonary 
parenchymal injuries. 

Airway Injury 

Patients with penetrating thoracic trauma, presentmg 
with a significant pneumothorax in which there is a con- 
tinuous air leak through the chest tube, should be sus- 
pected of having major airway injuries. The majority of 
these patients will be found to have a pneumomediasti- 
num on plain chest radiographs or chest CT scans. Airway 
penetration should be confirmed by bronchoscopy. If the 
patient has been intubated for respiratory distress, this 
may be performed with a flexible bronchoscope passed 
through the endotracheal tube. One must be aware that 
the injury may be proximal to the level of the end of the 
endotracheal tube; in some cases the flexible bronchoscope 
may need to be passed through the larynx, beside the 
endotracheal tube, to examine for this possibility. Patients 
who are not intubated may undergo either flexible or rigid 
bronchoscopy. Most major airway lacerations will require 
open exploration and repair, although smaller injuries 
may be stented with the endotracheal tube and may heal 
without significant stricture. 3 

Vascular Injury 

Patients with high-velocity penetrating injuries and sig¬ 
nificant ongoing biood loss should be suspected of having 
major vessel injuries. Many of these patients may require 
urgent thoracotomy for control of the bleeding, although 
some may be stable enough to obtain a CT angiogram or 
arteriogram to help localize the area of injury. 

Some patients with penetrating thoracic trauma may 
also have sustained significant intra abdominal injury. In 
most of the respiratory cycle the apex of the diaphragm 
is as high as the fourth intercostal space. This is because 
intra abdominal pressure always exceeds intrapleural pres¬ 
sure, throughout all phases of ventilation. Penetrating 
injuries at or below this level, the level of the nipples, must 
be suspected of having diaphragm penetration and poten¬ 
tial intra abdominal injuries. These patients should be 
evaluated with a chest-abdomen CT scan. In otherwise 
stable individuals, thoracoscopy has been reported to be 
helpful in diagnosing traumatic diaphragm lacerations. 38 

Children with penetrating thoracic injuries who require 
intubation may present significant ventilatory difficulties 
because of a massive air leak. To minimize the air leak, 
ventilator strategies in these patients generally attempt to 
reduce peak inspiratory pressures and mean airway pres¬ 
sures. This can often be accomplished by reducing the 
tidal volume and using a minimal level of PEEP, with 
an increase in respiratory rate. Patients with very large 
air leaks may benefit from the use of high-frequency or 
oscillating ventilators. Further reduction of mean airway 


pressure is possible using these ventilators, thereby reduc¬ 
ing the volumes of air lost across the chest wall. Most chil¬ 
dren can be successfully ventilated with these strategies, 
but on rare occasions emergency surgery and control of the 
pulmonary leak or pulmonary resection may be necessary. 

latrogenic Thoracic Trauma 

Many of the same types of injuries that may be encoun- 
tered with blunt or penetrating thoracic trauma may be 
seen as a consequence of iatrogenic trauma. As physicians 
perform more and more invasive procedures around the 
chest, the incidence of iatrogenic thoracic trauma has 
increased. 

Pneumomediastinum 

Pneumomediastinum, the collection of air in the mediasti¬ 
nal space in the central chest, may be seen as a consequence 
of sudden Valsalva maneuvers or even asthma. Iatrogenic 
perforation of the esophagus during esophagoscopy 
may result in accumulation of mediastinal air and fluid, 
often rupturing into one of the pleural spaces. Pneumo¬ 
mediastinum may be an isolated clinical finding or it 
may be associated with a pneumothorax or subcutaneous 
emphysema. Patients with iatrogenic pneumomediasti¬ 
num may be asymptomatic, but symptoms of dyspnea, 
cough, or cervical pain are not uncommon. The primary 
importance of the finding of pneumomediastinum is that 
it manifests a significant underlying injury and indicates 
that appropriate investigation must be undertaken. These 
investigations may include chest CT scans, contrast stud¬ 
ies of the esophagus, or panendoscopy. 

Pneumothorax 

There are a variety of the iatrogenic causes of pneumothorax. 
These may include overly deep endotracheal suctioning, lac- 
eration of the trachea during intubation, penetration of the 
airway during endoscopy, high-pressure mechanical ventila¬ 
tion, central venous catheter placement, or thoracentesis. 

A small pneumothorax may be asymptomatic, but 
larger pneumothoraces usually present with ipsilateral 
chest pain, dyspnea, tachypnea, and oxygen desaturation. 
The severity of these symptoms will increase as the magni- 
tude of the pneumothorax increases. Breath sounds from 
the ipsilateral chest will be diminished or absent and, with 
tension pneumothorax, the trachea will be shifted to the 
contralateral side in the suprasternal notch. Chest radio¬ 
graphs will show a collapsed lung and may show shift of 
the mediastinum. 

Treatment of symptomatic pneumothorax requires 
immediate decompression. In the absence of a hemopneu- 
mothorax, this can be accomplished with a small pigtail 
catheter (8 to 12 Fr) placed in the anterior second intercos¬ 
tal space. This catheter is connected to an underwater seal 
drainage system and may be connected to suction. Patients 
with a hemopneumothorax should receive a larger chest 
tube (16 to 24 Fr) to avoid clotting. 
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Iatrogenic airway injuries are known to occur as a con- 
sequence of overzealous endotracheal suctioning in young 
infants. 39 The suction catheter should be carefully mea- 
sured and only passed down to the level of the end of the 
endotracheal tube in order to avoid direct tracheal or bron- 
chial injury. The most common site of injury is in the medial- 
basal segment of the right lower lobe. This segmental 
bronchus is on a straight line beyond the end of the endo¬ 
tracheal tube, and catheters that are passed without atten¬ 
tion to the depth will puncture the visceral pleura in this 
segment. A right pneumothorax is a consequence and 
an infant will develop sudden respiratory compromise. 
Because most of these patients are intubated and venti- 
lated, air accumulates in the hemithorax quite rapidly. 
These patients should be treated with prompt placement 
of a chest tube and reduction in peak inspiratory pressure. 

Esophageal-Pharyngeal Injuries 

Nasogastric Tube Placement. Esophageal injuries from 
catheters usually occur during attempts to pass nasogas¬ 
tric tubes but occasionally may be seen with vigorous post- 
partum suctioning to clear the posterior pharynx. 40 These 
injuries typically manifest with the finding of pneumome- 
diastinum on chest radiograph, although pneumothorax, 
pleural effusion, or subcutaneous emphysema may also be 
present. If the tube has been left in place, it may be noted 
to be in the pleural Space on chest radiograph. These inju¬ 
ries will almost uniformly heal spontaneously if the tube is 
removed and the patient is kept NPO. A chest tube is 
placed to evacuate a pneumothorax and intravenous anti- 
biotics are administered. 

Central Venous Pressure Catheter Placement. Cen¬ 
tral venous pressure (CVP) catheters have become a main- 
stay for pediatric patient care, particularly in young 
infants. Most of these catheters may be considered “tem- 
porary,” in that they are expected to be used for only a few 
days and may be easily removed. More “permanent” cen¬ 
tral venous catheters may be expected to last for weeks or 
months if needed. These catheters typically are tunneled 
before entering the vein and have a Dacron cuff that is 
placed in midtunnel to allow tissue ingrowth and catheter 
fixation. Access to the venous system for placement of all 
these catheters is typically accomplished by percutaneous 
puncture of one of the subclavian or internal jugular veins. 
A wire is then threaded through the needle under fluoro- 
scopic control, and the catheters are passed over this wire 
to ensure intravascular placement. 

The vast majority of the iatrogenic injuries of this pro¬ 
cedure occur with attempts to percutaneously access the 
vein, and the most common complication is a pneumotho¬ 
rax. 41,42 Hemothorax can be seen from accidental arterial 
puncture; rarely, cardiac tamponade may be seen if the 
right atrium or ventricle is punctured by the catheter or 
the introducing sheath. Precautions that may minimize 
the frequency of these complications include an apprecia- 
tion of the inherent risks of the procedure, familiarization 


with the anatomy of the region, and ensuring that the 
child is under appropriate sedation or anesthesia and does 
not move during placement. Fluoroscopic assistance in 
guiding the advancement of the wire is invaluable. Some 
operators have found real-time ultrasound to be helpful 
in accessing the vein. The development of hemodynamic 
or respiratory changes during the placement of a central 
catheter should prompt an evaluation for possible pneu¬ 
mothorax, hemothorax, hemopneumothorax, or even peri- 
cardial tamponade. Because the majority of these proce¬ 
dures are done with fluoroscopic control, immediate 
fluoroscopy of the chest can be helpful in making these 
diagnoses. 

Intubation. Intubation injuries, although rare, can 
create life-threatening conditions, particularly in small in¬ 
fants. The predisposing factors include inappropriate use 
of a stylet, with the rigid stylet extending beyond the end 
of the endotracheal tube, or multiple attempts at intuba¬ 
tion. 43 The injury usually occurs in the vallecula, posterior 
and lateral to the laryngeal opening, and the endotracheal 
tube may be advanced into the pleural Space. The symp¬ 
toms include significant respiratory decompensation as 
well as shift of the trachea to the contralateral side. Treat¬ 
ment should include immediate chest tube placement and 
withdrawal of the improperly placed endotracheal tube 
with control of the airway either through placement of a 
new endotracheal tube or a tracheostomy. 

Endoscopy. Injury to the airway or the esophagus may 
occur as a consequence of bronchoscopy or esophagos- 
copy, with both rigid and flexible endoscopes. Injuries may 
be a consequence of penetration of the trachea or esopha¬ 
gus by the endoscope itself or perforation by injudicious 
use of biopsy or laser therapy. 44 The risks of injury increase 
if there is already an anatomical distortion of the trachea 
or esophagus, such as stricture or displacement. The injury 
may be suspected at the time of the procedure by the pres- 
ence of unusual bleeding, or, more commonly, may be 
discovered afterward on a postprocedure radiograph or by 
the development of postprocedure symptoms. Risk of 
injury from endoscopic procedures can be reduced by 
avoiding passage of the instrument when resistance is met 
and ensuring that the lumen is visualized before the endo¬ 
scope is advanced. The postprocedural chest radiograph 
should always be obtained to assess for the presence of 
pleural, mediastinal, or subcutaneous air. 

Ventilator-lnduced Injuries 

Injuries from mechanical ventilation are not uncommon 
in the pediatric population. This is particularly true for 
infants who develop pulmonary disease from prematurity 
and those who have been ventilated for long periods of 
time. 45 Acute presentations of pneumothorax, pneumo- 
mediastinum, or subcutaneous emphysema may occur. 
These complications are usually accompanied by oxygen 
desaturation and possibly hemodynamic compromise. 
The mechanism of injury is usually secondary to alveolar 
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overdistention, caused by high peak inspiratory pressures 
or tidal volume. These abnormalities are complicated by 
patchy areas of consolidation in these infants, allowing the 
airway pressure to be transmitted to the small volume of 
ventilated lung. Because tidal volumes are often calculated 
from body weight, premature babies are particularly prone 
to injuries secondary to the lower volume of lung and al- 
veoli. Lung injury can be minimized by judicious use of 
respiratory settings, particularly keeping tidal volumes at 
the lowest effective level and peak inspiratory pressures 
low. Inability to safely ventilate with a standard ventilator 
may prompt the use of the oscillating ventilator to achieve 
adequate minute ventilation. These injuries are treated by 
placement of a chest tube and adjustment of ventilator 
settings to minimize continued injury. Pneumomediasti- 
num and subcutaneous emphysema, if present, should 
resolve spontaneously and should not require aggressive 
treatment. 

THERMAL INJURY 

Epidemiology 

According to the Centers for Disease Control and Preven- 
tion (CDC), since 1999 an average of 496 children ages 14 
and under have died each year because of unintentional 
fire- or burn-related injury. In 2008 there were a reported 
366 children ages 14 and under who died as a result of fire- 
or burn-related injuries. 46 This number is the lowest in a 
decade. Burn-related deaths remain the third highest cause 
of death behind motor vehicle crashes and drowning. 46 

Since 2001 the average number of children ages 14 and 
under who have sustained nonfatal fire or burn injuries 
each year is 107,170. In 2009 this number was down to 
90,000. Since 2001 an average of 1293 children ages 4 and 
under were hospitalized for fire- or burn-related injuries 
each year. 46 

Scald injuries are the most common type of burn result¬ 
ing from hot liquids, occurring most commonly in chil¬ 
dren up to 4 years old and often in the presence of an 
adult. Scalds are the leading cause of burn injury hospital- 
izations and emergency room visits. 46 Other types of burns 
include electrical, Chemical, and intentional injury. “Mech- 
anisms of injury are often unique to children and involve 
exploratory behavior without the requisite comprehension 
of the dangers in their environment.” 47 

In 2010 approximately 2500 fireworks-related injuries 
were reported among children ages 14 and younger. Re- 
portedly, children ages 5 to 14 accounted for approximately 
1800 injuries and those younger than age 5 700 injuries. 
These numbers account for 40% of all fireworks-related in¬ 
juries. Sparklers accounted for nearly half the 2500 injuries 
among children ages 14 and younger. 

Annual hospitalization costs, in children age 14 and 
younger, for scald burn-related deaths and injuries is 
approximately $44 million. Burn center admission charges 
average $22,700 per case. 46 


Medical advances have had an impact on reducing the 
mortality rate and outcome in burn and inhalation injury. 
However, prevention remains the most important aspect 
of lowering the risk of these injuries to children. Impor¬ 
tant measures in preventing pediatric thermal-related 
injuries are having working smoke detectors, keeping 
matches out of reach, lowering hot water temperatures, cov- 
ering electrical outlets, and using flame-resistant children’s 
clothing. 48,49 

Independently cited as high mortality risk factors in 
children are burn injuries exceeding 30% body surface 
area (Figure 31-6), associated smoke inhalation, and age 
younger than 4 years. 50 However, with improved treat¬ 
ment of inhalation injury, advancements in early wound 
repair techniques, effective antibiotics, precise fluid resus- 
citation and metabolic control, and avoidance of high 
pulmonary pressure and oxygen concentrations, the pedi¬ 
atric mortality rate and outcomes continue to improved 1 
With these advances, the mortality rate has dropped 53% 
over 20 years, and the likelihood is that a child will survive 
even after burn exposure of up to 60% of the body surface 
area. 4 ’ 46 ’ 52 

Pathophysiology 

The skin provides four essential functions that are neces- 
sary for survival: 

1. Protecting the body from infection and injury 

2. Preventing fluid loss 

3. Regulating body temperature 

4. Providing sensory input from the environment 

It is composed of two layers: the epidermis and the 
dermis. The epidermis is the thin outer layer. Below it is 
the dermis, which is a deeper, thicker layer. The dermis 
contains hair follicles, sweat giands, sebaceous giands, 
and sensory fibers for touch, pain, pressure, and tempera¬ 
ture. Beneath the dermis lies the subcutaneous tissue, 
which is composed of connective tissue and fat. 

Classification of Bum Injury 

The depth of the burn injury classifies the degree of 
burn and depends on the temperature and duration of 
contact with the skin. Contact with flame, heat, Chemi¬ 
cals, or electrical current results in varying degrees of 
tissue destruction. Burn depths also vary as a result of 
body position and skin thickness. Very young children 
and elderly patients are especially vulnerable to more 
severe, full-thickness burns because of their particularly 
thin skin. 

Superficial burns involve only the epidermis. The skin 
appears red without blisters and is hypersensitive and 
painful. 53 

Superficial partial-thickness injuries involve the epi¬ 
dermis and the only the superficial part of the dermis. 
These burns are usually very painful because nerve 
endings in the mid and superficial dermal layer survive 
the injury. Blistering is often present. Healing generally 
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Area 

Birth 

1 yr 

1-4 

yr 

5-9 

yr 

10-14 

yr 

15 

yr 

Adult 

2° 

3° 

Total 

Donor 

areas 

Head 

19 

17 

13 

11 

9 

7 





Neck 

2 

2 

2 

2 

2 

2 





Ant. trunk 

13 

13 

13 

13 

13 

13 





Post. trunk 

13 

13 

13 

13 

13 

13 





R. buttock 

2 V 2 

2V2 

21/2 

21/2 

21/2 

21/2 





L. buttock 

2Va 

2V2 

21/2 

21/2 

21/2 

21/2 





Genitalia 

1 

1 

1 

1 

1 

1 





R. U. arm 

4 

4 

4 

4 

4 

4 





L. U. arm 

4 

4 

4 

4 

4 

4 





R. L. arm 

3 

3 

3 

3 

3 

3 





L. L. arm 

3 

3 

3 

3 

3 

3 





R.hånd 

2V2 

21/2 

21/2 

21/2 

21/2 

21/2 





L. hånd 

2V2 

21/2 

21/2 

21/2 

21/2 

21/2 





R. thigh 

5 Vs 

6 1/2 

8 

81/2 

9 

91/2 





L. thigh 

5 V 2 

6V2 

8 

81/2 

9 

91/2 





R. leg 

5 

5 

51/2 

6 

61/2 

7 





L. leg 

5 

5 

5 1/2 

6 

6V2 

7 





R. foot 

3V 2 

31/2 

31/2 

31/2 

31/2 

31/2 





L. foot 

3V 2 

31/2 

31/2 

31/2 

31/2 

31/2 





Total 







FIGURE 31-6 Body surfacø area estimates of burn size based on age. Note the decrease in the sur- 
face area of the head and the increase in the areas of the legs from infant to adult. Using this table 
provides the most accurate percentage for burn size estimates when calculating fluid and nutritional 
requirements. 


occurs quickly and completely because epithelial cells 
survive in deeper portions of hair follicles and migrate to 
the surface. 

Deep partial-thickness burns involve the epidermis and 
the entire dermis. These burns vary in pain because they 
involve some superficial nerve endings. They also include 
dermal appendages including hair follicles and sweat 
giands. These burns do not typically blanch with pressure. 
They heal by scarring and may take 3 to 4 weeks to heal. 


These can be difficult to diagnose upon initial presenta¬ 
tion and may need a period of observation to determine 
the extent of injury. 

Full-thickness burns involve injury and necrosis beyond 
the depths of the hair follicles, through the entire thick- 
ness of the skin, and into the subcutaneous tissue. The 
area swells less rapidly than a second-degree burn and 
is usually blanched in appearance. Sensory nerves are 
destroyed, causing local anesthesia. 
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Percent of Body Surface Area Bum 

An estimate of burn size and depth assists in determining 
the severity, prognosis, and disposition of the patient. 
Because fluid resuscitation requirements, nutritional sup¬ 
port, and surgical interventions are all based on the size 
of the burn, an accurate assessment of the percent of 
body surface area burned is critical. The size of the burn 
wound is described in terms of the percent of total body 
surface area. 

The rule of nines is the method most often used to 
estimate percent body surface area burned. This estimate 
is based on various anatomical regions representing 9% of 
body surface area, or a multiple of nine. However, infants 
and younger children have body proportions different 
from those of an adult and a modified rule of nines may 
be used. Figure 31-6 describes the percentages of various 
anatomical regions as the child ages. 49 In children, the pa- 
tient’s palm size can also be used to measure percent body 
surface area, with the palmer surface of the child’s hånd, 
including to the tips of the fingers, representing 1% total 
body surface area. 

Management 

Superficial burns heal spontaneously, usually within 2 weeks, 
and do not require surgical intervention. Excision and graft¬ 
ing of partial- and full-thickness burns, along with topical 
antimicrobial therapy, have decreased the incidence of burn 
wound sepsis. Topical agents most commonly used are sul- 
fadiazine (Silvadene), silver nitrate, and mafenide acetate 
(Sulfamylon). 

After burn injury, the area of deepest burn contains cells 
that are dead without hope of salvage. The dead skin forms 
an eschar, which is tough and leathery. Because the eschar 
layer does not expand well, circumferential burns of the 


limbs often swell and occlude perfusion to peripheral 
portions of the extremities. In the same manner, circumfer¬ 
ential burns of the thorax can restrict ventilation. An es- 
charotomy, which consists of making long incisions into 
the eschar to allow for wound expansion, relieves the tight, 
restricting band created by the eschar (Figure 31-7). 49,54 It is 
important to prevent both early edema and infection that 
can destroy dermal remnants and convert a burn wound 
from partial thickness to full thickness. 

A crucial component of burn care is initiating accurate 
fluid resuscitation as soon as possible after the injury. Sev- 
eral formulas for resuscitation are available, with children 
younger than 10 years of age requiring a modified formula. 
Delays in resuscitation often lead to increased fluid re¬ 
quirements. Overaggressive fluid resuscitation may result 
in increased extravascular hydrostatic pressure, pulmo- 
nary edema, and soft tissue swelling. Urine output is the 
usual indicator of adequate resuscitation. Careful hemo- 
dynamic monitoring is required, along with intubation for 
most patients with severe burns. It is important to view the 
formulas as simply guidelines to fluid resuscitation and 
not substitutes for diligent monitoring of urine output, 
electrolytes, and volume status. ;,S,S6 

The metabolic rate can increase as much as two to three 
times normal after burn injury and is generally related to 
the size of the burn. This is accompanied by constant hyper- 
thermia. Nutritional support is extremely important and is 
best accomplished by calculating caloric needs and correct- 
ing electrolyte disturbances that are common to burn 
patients. Pharmacological support of the hypermetabolic 
response consists of using anabolic agents to alleviate mus- 
cle wasting and preserve lean body mass and antiadrenergic 
drugs to decrease myocardial oxygen consumption and 
cardiac work. 53 



FIGURE 31-7 Escharotomy. (Courtesy University of Michigan Trauma Burn Center, Ann Arbor, Ml. 
From Sole et al. Introduction to critical care nursing, ed 6. Philadelphia: Saunders, 2013.) 
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INHALATION INJURY 

Over the past decade there have been many advances in the 
critical care of burn patients. Burn shock, which in the 
1930s and 1940s accounted for nearly 20% of burn deaths, 
is now treated with early, vigorous fluid resuscitation and 
rarely leads to loss of life/ 2,54 Invasive sepsis originating 
from the burn wound was at one time found to be the 
major cause of mortality in 80% of autopsies/ Aggressive 
wound excision and grafting, along with the use of topical 
antibiotics, have dramatically decreased the incidence of 
burn wound sepsis. Inhalation injury has now emerged as 
the most common cause of death in patients with severe 
burns. 55,58 ' 61 

Although the mortality from smoke inhalation alone is 
low (0% to 11%), smoke inhalation injury in combination 
with cutaneous burns is fatal in 30% to 90% of patients. 62 
Inhalation injury impairs the mucociliary transport mech- 
anism in the lung, predisposing the patient to retain secre- 
tions, which leads to pneumonia and atelectasis. The 
combination of inhalation injury and pneumonia has 
been shown to carry a mortality rate of 60%. 63,64 Along 
with burn size and the patient’s age, inhalation injury is one 
of the most significant predictors of burn-related mortality. 65 

Pathophysiology 

Airway injury after smoke inhalation is complex and can 
occur at any level of the respiratory system, resulting 
in impaired ventilation and oxygenation. Box 31-2 lists 
the physiological consequences that accompany smoke 
inhalation. 

Upper Airway Injury 

Direct thermal trauma is limited to the upper airway and 
results in obstruction from edema, hemorrhage, and ulcer- 
ation of the mucosa. In only a few hours, mild pharyngeal 
edema can rapidly progress to complete upper airway 
obstruction with asphyxia. 66,6, The worsening of upper 


Box 31-2 


Physiological Consequences of 
Inhalation Injury 


Hypoxemia 

Bronchospasm 

Airway edema 

Airway obstruction 

Impaired ciliary activity 

Impaired surfactant production 

Increased dead space 

Increased airway resistance 

Increased mucus production 

Increased work of breathing 

Increased oxygen consumption 

Increased intrapulmonary shunting 

Increased ventilation/perfusion mismatch 

Decreased lung and chest wall compliance 


airway edema is most prominent in supraglottic struc- 
tures. Serial nasopharyngoscopic evaluations demonstrate 
obliteration of the aryepiglottic folds, arytenoid emi¬ 
nences, and interarytenoid areas created by edematous 
tissue that prolapses and occludes the airway. 68,69 

Smoke particles vary in size and most often deposit in 
the upper airway. The type of gas released during combus- 
tion depends on the material burned, the temperature, and 
the amount of oxygen present. Many of the gases, such as 
ammonia and hydrogen chloride, are Chemical irritants 
and cause intense coughing, bronchospasm, and upper 
airway edema. 0 

Lung Parenchyma Injury 

Direct thermal trauma after inhalation injury is not re- 
sponsible for the pathophysiological changes in the paren¬ 
chyma of the lung, and the carbonaceous material present 
in smoke is not directly responsible for parenchymal dam¬ 
age, although it can serve as a carrier for other agents. 1 
Only steam, with a heat-carrying capacity many times that 
of dry air, is capable of overwhelming the extremely effi- 
cient heat-dissipatory capabilities of the upper airways and 
transmitting heat to the subglottic airways/ 2 

The damage to the lung parenchyma is caused by inha¬ 
lation of incomplete products of combustion. There is 
direct cellular injury to the respiratory epithelium and 
pulmonary macrophages, resulting in an inflammatory 
response. The inflammatory mediators cause bronchocon- 
striction, an increase in tracheobronchial biood flow with 
edema formation, and leukocyte infiltration. Bronchoscopic 
study of the airways in the first 24 hours after inhalation 
injury shows gradual evolution of an edematous tracheo¬ 
bronchial mucosa. ' 3 As large portions of the respiratory 
epithelium slough, necrotic cellular debris accumulates in 
the airways. Progressive separation of the epithelium with 
formation of pseudomembranous casts causes partial or 
complete airway obstruction that can be fatal. 74 

The pulmonary parenchyma surrounding injured air¬ 
ways shows varying degrees of congestion, interstitial and 
alveolar edema, occasional hyaline membranes, and dense 
atelectasis. Systemic effects of inhalation injury are mani¬ 
fested by the following: 73 ’ 76 

1. An increase in airway resistance, ventilation-perfusion 
mismatch, and oxygen consumption 

2. A decrease in lung compliance, oxygenation, and surfac¬ 
tant production 

Carbon Monoxide Poisoning 

Carbon monoxide (CO) is a colorless, odorless, tasteless 
gas produced by the incomplete combustion of carbon- 
containing compounds. Smoke inhalation from all types 
of fires often results in significant CO exposure. The ma- 
jority of immediate deaths that occur at the scene of 
building fires are caused by CO poisoning. Every patient 
received from a fire scene should be evaluated for CO 
poisoning. 
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The affinity of CO for the binding sites on the hemoglo- 
bin molecule is 200 to 280 times that of oxygen. The for¬ 
mation of carboxyhemoglobin (COHb) leads to a tre- 
mendous reduction in the oxygen-carrying capacity of the 
biood. This shortage of oxygen is made worse by a con- 
comitant shift of the oxyhemoglobin dissociation curve to 
the left, reducing the ability of hemoglobin to release oxy¬ 
gen to the tissues. 78-80 

Pulse oximetry measurement does not accurately reflect 
oxygen saturation in the presence of COHb. The pulse 
oximeter equates COHb with oxygenated hemoglobin and 
measures the percentage of saturation of available binding 
sites, regardless of whether the sites are occupied by CO 
or oxygen. This causes the pulse oximeter to read falsely 
elevated oxygen saturation values in the presence of 
COHb. 81 Direct measurement of COHb using co-oximetry 
is recommended. 

The symptoms of CO poisoning correlate roughly with 
the percentage of COHb in the biood. Table 31-3 lists the 
expected symptoms based on CO biood concentrations. 
The major effects are on organs that are most susceptible 
to anoxia, such as the brain, heart, and central nervous 
system. 

Evaluation of Injury 

Clinical Manifestations 

The clinical diagnosis of inhalation injury has tradition- 
ally rested on various unreliable observations. Smoke inha¬ 
lation injury is more likely to be present in those with a 
history of burn injury in an enclosed space, the appearance 
of facial burns, singed nasal vibrissae and facial hair, ery- 
thema of the oropharynx, and the presence of carbona- 
ceous sputum and debris around the nose, mouth, and 
pharynx. 82 Rhonchi, crackles, wheezes, stridor, dyspnea, 
cough, and hoarse voice are seldom present on admission, 
occurring only in persons with the most severe injury and 
implying an extremely poor prognosis. 8 " The admission 


TAB LE 31-3 


Symptoms of Carbon Monoxide Poisoning 
Carboxyhemoglobin (%) Symptoms 


0-10 

None 

10-20 

Frontal headache, tightness across 
forehead 

20-30 

Dyspnea, headache, throbbing 
temples 

30-40 

Dizziness, blurred vision, nausea, 
vomiting, severe headache 

40-50 

Tachypnea, tachycardia, confusion, 
collapse 

50-70 

Depressed consciousness level, 
seizures, bradycardia 

>70 

Respiratory failure, death 


Modified from Lacey DJ. Neurologic sequelae of acute carbon monoxide 
mtoxication. Am JDis Child 1981;135:145. Copyright 1981, American 
Medical Association. 


chest radiograph is often normal and is a very poor indica- 
tor of severity of acute lung injury. 84 However, two thirds 
of patients develop changes of diffuse or focal infiltrates or 
pulmonary edema within 5 to 10 days of injury. 

Bronchoscopy 

The current gold standard for the diagnosis of inhalation 
injury in most burn centers is fiberoptic bronchoscopy. 8 " 
Direct visualization of the upper airway provides informa¬ 
tion concerning the extent of upper airway injury. The 
diagnosis of inhalation injury is confirmed in the presence 
of soot, charring, mucosal erythema and ulceration, hem- 
orrhage, airway edema, and inflammation. 86 The wide- 
spread use of bronchoscopy has led to an approximately 
twofold increase in diagnosis over that based on the tradi¬ 
tional clinical signs. 

Xenon Scan 

The xenon scan is a safe, rapid test used to evaluate paren- 
chymal damage. 8 Requiring minimal patient cooperation, 
it involves serial chest scintiphotograms after an initial 
intravenous injection of radioactive xenon gas. It demon- 
strates areas of decreased alveolar gas washout, which 
identifies sites of small airway destruction caused by edema 
or cast formation. Both false-negative and false-positive 
results are possible, occurring mainly in patients in whom 
scanning is delayed for 4 or more days or who have preex- 
isting lung disease. The most important limitation is the 
logistic problem of transporting the unstable patient to 
the hospitaPs nuclear medicine department. Although re¬ 
ported in the literature, few burn centers currently use the 
xenon scan for diagnosis of inhalation injury. 

Spirometry 

Although not routinely used for the diagnosis of inhala¬ 
tion injury in children, pulmonary function studies 
are abnormal after inhalation injury. Reductions in the 
forced expiratory volume in 1 second (FEV!) and the ratio 
of FEVi to vital capacity (FE'Vh/VC) are seen within 
24 hours of injury. 88 Over the next several days, vital capac¬ 
ity and peak flow are reduced and pulmonary resistance is 
increased. 89,90 

Thermal and Dye Dilution 

A more recent method of evaluating inhalation injury is 
the estimation of extravascular lung water by simultane- 
ous thermal and dye dilution measurements. This proce¬ 
dure has been unable to quantify the severity of injury but 
has proven useful in separating parenchymal injury from 
upper airway injury. 91 

Management 

The management of any patient with an inhalation injury is 
determined by the degree of hypoxia, airway obstruction and 
edema, sepsis, and respiratory failure. Current treatment 
includes oxygen therapy, adequate airway maintenance, 
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aggressive bronchial hygiene therapy, pharmacological man¬ 
agement, and mechanical ventilatory support. 

Oxygen Therapy 

The goal of oxygen therapy in a patient with inhalation 
injury is to increase the oxygen content of the biood. All 
patients should be given 100% oxygen through a nonre- 
breathing mask immediately after inhalation injury. Oxy- 
genation is monitored by arterial biood gas analysis, and 
COHb level is analyzed with co-oximetry. The use of hyper- 
baric oxygen is widely debated. 

Airway Maintenance 

Acute upper airway obstruction occurs in one fifth to 
one third of hospitalized burn victims with inhalation 
injury. Stridor, hoarseness, wheezing, retractions, and 
tachypnea are all signs of upper airway compromise 
and mandate prompt intervention. Whenever airway ob¬ 
struction is suspected, the most experienced clinician 
should perform endotracheal intubation. It is better to 
intubate early than to wait and find that the obstruction 
has progressed to where visualization of the larynx is 
reduced. 

Securing the endotracheal tube can be difficult because 
of burn wounds and the rapid airway swelling that occurs 
within the first 72 hours after the injury. A nasotracheal 
tube is often more readily secured than an orotracheal 
tube. Reintubation after an accidental extubation may be 
difficult if not impossible if facial and oropharyngeal 
edema is severe. It is important to secure the tube in a 
manner that avoids trauma to the skin, especially when the 
face and neck are burned. 89 

Burns of the neck, especially in children, can cause 
unyielding eschars that externally compress and obstruct 
the airway. Escharotomies to the neck may be helpful in 
reducing the tight eschar and therefore decreasing the 
pressure exerted on the trachea. 

Bronchial Hygiene Therapy 

Aggressive bronchial hygiene therapy is an essential com- 
ponent of the respiratory management of patients after 
inhalation injury. Retained secretions may result in life- 
threatening airway obstruction. They can also lead to ate- 
lectasis and ventilation-perfusion mismatch and ultimately 
contribute to the development of pneumonia, which has 
been shown to increase mortality after burns and inhala¬ 
tion injury. 92 Early ambulation, therapeutic coughing, 
positioning, airway sucdoning, therapeutic bronchoscopy, 
and pharmacological agents are used to mobilize and 
remove retained secretions and fibrin casts. 

Early ambulation includes having the patient stand, 
walk, and sit in a chair. Patients with inhalation injury are 
routinely gotten out of bed and allowed to sit in a chair to 
improve lung function. Parents are encouraged to hold 
and rock their children as a means of therapy and to pro- 
vide patient comfort. 


Tracheobronchial suctioning and lavage are imperative 
for the removal of secretions and casts in the patient who 
has an ineffective cough or incapacitated mucociliary ap- 
paratus. When secretions or casts become thick and adhere 
to the airways, bronchial lavage is used as an adjunct to 
suctioning. Care is taken not to use excessive lavage fluid. 
Nasotracheal suctioning may be used as a mechanism to 
stimulate coughing and remove secretions in patients who 
are not intubated. 

Routine repositioning of the patient every 2 hours has 
been effective in mobilizing secretions. However, position¬ 
ing is often limited because of the location of fresh skin 
grafts and donor sites. 

When these techniques fail to remove secretions, the 
use of fiberoptic bronchoscopy has proven effective. Bron¬ 
choscopy allows for visualization of the airway and enables 
meticulous pulmonary toilet for retained secretions. The 
presence of inspissated secretions and fibrin casts may re- 
quire repeated bronchoscopy to maintain airway patency 
and adequate gas exchange. 84,93 

Pharmacological Management 

Inhalation injury to the lower airways results in a Chemical 
tracheobronchitis that can cause intense bronchospasm 
and wheezing. This is best managed with agonists, espe¬ 
cially in patients who also have preexisting asthma or 
reactive airway disease. Aerosolized bronchodilators are 
effective by providing bronchial smooth muscle relax- 
ation and stimulating mucociliary clearance. However, 
when using these agents it is important to remember 
they are also increase overall metabolic rates in a patient 
who is already hypermetabolic secondary to thermal 
injuries. 

Racemic epinephrine may be used as an aerosolized va- 
soconstrictor, bronchodilator, and secretion bond breaker. 
The vasoconstrictive action of racemic epinephrine is use- 
ful in reducing mucosal and submucosal edema within the 
walls of the pulmonary airways. A secondary bronchodila¬ 
tor action serves to reduce potential spasm of the smooth 
muscle of the terminal bronchioles. Racemic epinephrine 
has also been used in the treatment of postextubation 
stridor. 

Investigators have suggested that of corticosteroids 
may be administered to decrease mucosal edema and bron¬ 
chospasm, maintain surfactant function, and decrease the 
inflammatory response that occurs after inhalation injury. 
Prospective studies showed no benefit in morbidity and 
mortality in patients who received intravenous corticoste¬ 
roids after inhalation injury. Some researchers have sug¬ 
gested that there might be an increase in infection-related 
complications in patients who receive corticosteroid 
therapy. 94 ' 95 

IV-acetylcysteine is a powerful mucolytic agent used in 
respiratory care. It contains a thiol group, the free sulfhy- 
dryl radical of which is a strong reducing agent that rup- 
tures the disulfide bonds that stabilize the mucoprotein 
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network of molecules in mucus. Agents that break down 
these disulfide bonds produce the most effective mucoly- 
sis. 96 iV-acetylcysteine has been proven effective in combi- 
nation with aerosolized heparin for the treatment 
of inhalation injury in animal studies. 9 Heparin and 
IV-acetylcysteine combinations have been used as scaven- 
gers for the oxygen free radicals produced when alveolar 
macrophages are activated, either directly by Chemicals in 
smoke or by one or more compounds in the arachidonic 
Cascade. 98 Animal studies have shown an increased ratio 
of Pao 2 to Fio 2 , decreased peak inspiratory pressures, 
and a decreased amount of fibrin cast formation with 
heparin/iV-acetylcysteine combinations. 99 Pediatric pa¬ 
tients treated with aerosolized heparin/IV-acetylcysteine 
combinations showed a reduction in the incidence 
of atelectasis, number of ventilator days, incidence of 
reintubation for progressive respiratory failure, and 
mortality. 100 

Although pneumonia occurs in as many as 50% of chil- 
dren with inhalation injury, the prophylactic use of antibi- 
otics is not recommended. Instead, antibiotic therapy is 
directed by sputum Gram’s stain and biood cultures, with 
culture specimens obtained when infection or pneumonia 
is suspected. 

Mechanical Ventilatory Support 

Despite conservative efforts to support unassisted ventila¬ 
tion, patients with moderate or severe inhalation injury 
may develop respiratory failure and require mechanical 
ventilation. 101 Patients with severe inhalation injury are at 
a substantial risk for iatrogenic, ventilator-induced lung 
damage. Airway resistance is increased secondary to edema 
and obstruction caused by cast formation. The increased 
resistance requires higher airway pressures to maintain 
sufficient flow to support minute ventilation. Ideally, 
the optimal treatment of any disease should reverse the 
pathophysiological process without causing further in¬ 
jury. When inhalation injury is severe enough to require 
conventional mechanical ventilation, such an outcome is 
rarely achieved. 

Conventional Mechanical Ventilation 

Conventional mechanical ventilation does not reverse 
the pathological process, is not characterized by im- 
proved clearance of secretions, and may actually com¬ 
pound the existing injury. 102 Conventional volume- 
limited ventilation in patients with inhalation injury is 
usually instituted at a tidal volume of 6 to 8 ml/kg. 89 
Numerous factors, such as lung/thorax compliance, sys¬ 
tem resistance, compressive volume loss, oxygenation, 
ventilation, and barotraumas, must be considered when 
tidal volumes are selected. PEEP is applied to recruit 
lung volumes, elevate mean airway pressures, and im- 
prove oxygenation. The level of PEEP used varies with 
the disease process. High levels of PEEP are often re- 
quired with severe smoke inhalation injury. 


Over the past 30 years, and especially in the past de- 
cade, there has been an increase in new ventilator tech- 
niques that present alternatives for the treatment of pa¬ 
tients with inhalation injury. Unfortunately, although the 
number of options available to the clinician has appeared 
to increase exponentially, well-controlled prospective 
trials defining the specific role for each mode of ventila¬ 
tion and then comparing them with other modes of ven¬ 
tilation have not been forthcoming, particularly in the 
pediatric population. 

Other ventilator modes have been employed in both 
animal models and clinical trials of inhalation injury. 
Pressure-limited ventilation with and without inverse inspi¬ 
ratory/ expiratory ratios has been studied in an ovine smoke 
inhalation model. 103 Although gas exchange was not sig- 
nificantly improved with this mode, adequate ventilation 
was achieved at lower mean airway pressures, suggesting 
that ventilator-induced lung injury may be reduced. Excel¬ 
lent results have been reported using pressure-controlled 
ventilation in a cohort of pediatric burn patients. 104 Their 
results suggest that the incidences of barotrauma, pneumo¬ 
nia, and deaths were all considerably less than that ex- 
pected based on historie Controls. 

High-Frequency Percussive Ventilation 

High-frequency ventilation has also been employed after 
inhalation injury. This mode provides oxygenation at lower 
inspired oxygen concentrations and adequate ventilation at 
lower peak and mean airway pressures. In addition, a few 
reports have indicated increased secretion clearance with 
some forms of high-frequency ventilation. 105 

The terms high-frequency flow interruption and high-frequency 
percussive ventilation (HFPV) are used to describe a tech- 
nique in which ventilation is accomplished by a positive- 
phase percussion delivered at the proximal airway. In clini¬ 
cal trials, HFPV was found to permit adequate ventilation 
and oxygenation without inereasing barotrauma in a small 
cohort of patients for whom conventional ventilatory 
support after inhalation injury had failed. 106,10 Studies 
in adult patients with burns and inhalation injury re¬ 
ported optimal ventilation, decreases in pneumonia, and 
improved survival with HFPV when compared with con¬ 
ventional volume-limited ventilation. 108 A retrospective 
study of the effeets of HFPV and conventional ventilation 
in pediatric patients with inhalation injury found that 
those patients treated with HFPV showed a decrease in 
the incidence of pneumonia, a lower peak inspiratory pres¬ 
sure, and improvement in the ratio of Pao 2 to Fio 2 . 109 

Complications 

The most common complications of inhalation injury 
that lead to increased mortality are infection and respira¬ 
tory failure. Patients with inhalation injury have a high 
incidence of pneumonia. Burn-wound infection and sepsis 
place the patient at extremely high risk for multiple organ 
system failure. 
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Early Complications 

The reported early complications of inhalation injury are 
usually mechanical or infectious. Immediate recognition 
of these complications is imperative so that appropriate 
treatment can begin and thus decrease the severity of the 
injury. 

Mechanical complications are usually manifestations 
of barotrauma. Barotrauma can result from a variety of 
injuries caused by mechanical ventilation, especially when 
high peak inspiratory pressures are maintained. Patients 
with inhalation injury often develop sloughing of the tra- 
cheobronchial mucosa, which results in a ball-valve-type 
obstruction. This type of obstruction acts as a one-way 
valve. The volume from the mechanical ventilator is 
allowed to enter the lungs; however, expiration is only 
allowed to partially occur. If this problem is left untreated, 
further barotrauma may occur and a pneumothorax may 
result. 

Infectious complications may result in tracheobronchi- 
tis or pneumonia. The injured trachea is known to be at 
risk for infections, with respiratory infections being the 
most common complication after inhalation injury. 110 

The diagnosis of tracheobronchitis or pneumonia can 
be difficult to establish because of the presence of inhala¬ 
tion injury and bacterial colonization of the airways. The 
diagnosis of tracheobronchitis rests on the presence of 
fever, leukocytosis, and productive cough, as well as on 
organisms and white biood cells on Gram’s stain of spu- 
tum specimens. Additionally, parenchymal infiltrates must 
be present on the chest radiograph to make the diagnosis 
of pneumonia. 

Late Complications 

Late complications of inhalation injury may be related to 
mechanical damage or to the consequences of an inflam- 
matory response. Mechanical complications occur most 
often as a result of iatrogenic injury from endotracheal or 
tracheostomy tube cuffs. This damage may cause erosion 
of the tracheal cartilage and result in tracheomalacia. Inju¬ 
ries to the tracheal epithelium may result in fibrosis and 
stenosis of the trachea, which lead to subglottic stenosis. 
Cuff erosion into adjacent structures (e.g., innominate 
artery) may result in exsanguinating hemorrhage. The in¬ 
juries are difficult to diagnose and often develop slowly. 
Endotracheal tube instability, high cuff pressures (greater 
than 20 cm H 2 0), and duration of intubation all contrib- 
ute to airway damage. Meticulous attention to detail 
regarding tube security and cuff pressures can reduce the 
incidence of mechanical damage that occurs with artificial 
airways. 

Inflammatory complications, such as bronchiectasis 
and bronchial stenosis, are thought to occur as a result of 
neutrophil activation at the site of the airway damaged by 
inhalation injury. Activated neutrophils produce proteases 
and oxygen radicals, which may cause severe damage to the 
already injured bronchial mucosa and extracellular matrix. 


Although most proteases are produced by neutrophils, 
other cells—including alveolar macrophages, mast cells, 
eosinophils, and fibroblasts—all may participate in prote- 
ase secretion. Normal host defense mechanisms protecting 
mucosal integrity have been shown to function poorly af¬ 
ter inhalation injury. 111 Damage of both smoke-injured 
and normal tissues by proteases and oxidants may lead to 
persistent worsening of the inflammatory response, which 
may prevent healing. 

LONG-TERM OUTCOMES 

Early reports in the literature indicate that long-term pul- 
monary parenchyma dysfunction after inhalation injury 
appears to be uncommon. Patients with inhalation injury 
alone have significant obstructive defects, whereas those 
patients with both inhalation and burn injury have a 
mixed obstructive and restrictive pattern. Although the 
abnormalities may persist in the early convalescent period, 
in general most patients have normal lung parenchyma 
within S months of injury. 

A study of children with inhalation and burn injury re¬ 
ported pulmonary function changes for up to 8 years after 
injury. The results indicated the following: 112 

1. Resting lung function showed some degree of residual 
pulmonary pathology. 

2. Altered lung mechanics, impaired gas exchange, chest 
wall scarring, and respiratory muscle weakness may 
have contributed to the decrease in lung function. 

3. Children with severe thermal injury and smoke inhala¬ 
tion may not regain normal lung function. 

Children evaluated with cardiopulmonary stress testing 

after thermal and inhalation injury showed an increased 
ratio of physiological dead Space to tidal volume during 
exercise as late as 2 years after the injury. 113 The physiolog¬ 
ical insults that occur as a result of thermal injury may 
limit exercise endurance in children. 114 Data from exercise 
stress testing showed evidence of a respiratory limitation 
to exercise. This was confirmed by a decrease in maximal 
heart rate, decreased maximal oxygen consumption, and 
increased respiratory rate. 

Although thermal and inhalation injuries present a 
challenge to the health care team, an orderly, systematic 
approach can simplify management. Successful outcome 
requires careful attention to treatment priorities, proto- 
cols, and meticulous attention to details in all areas 
of care. 

DROWNING 

Drowning is a significant cause of childhood morbidity 
and mortality around the globe. In some countries, 
drowning is the first or second leading cause of death 
among children. 11 Drowning is the process of experienc- 
ing respiratory impairment from submersion/immersion 
in a liquid medium. Drowning outcomes are classified as 
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death, morbidity, and no morbidity. Although historically 
many terms have been used to describe submersion events 
and subsequent morbidity, an international consensus 
conference was convened in 2002 in order to develop 
guidelines for definitions and reporting of data related to 
drowning. This definition of drowning was adopted by 
the World Congress on Drowning and should be widely 
used. 116 It was also the consensus opinion that drowning 
without aspiration does not occur. Previously used termi- 
nology to describe alternative outcomes, such as dry, wet , 
secondary, and near-drowning have been discouraged in 
future research and publication. 1 Therefore, for the pur¬ 
poses of this discussion, we use the World Congress 
consensus term of drowning to refer to all forms of sub¬ 
mersion injury leading to respiratory impairment, includ- 
ing nonfatal events that previously have been described as 
near-drowning. 

A drowning may be classified as “witnessed” when the 
episode is observed from onset, or “unwitnessed” if the 
victim is found in the water. Immersion means to be covered 
in water—that is, the face and airway are immersed in order 
for a drowning to occur. Submersion occurs when the 
entire body is under water. 

Injuries may be further classified as cold-water or warm- 
water drowning. Warm-water drowning occurs at water 
temperatures of 20° C (68° F) or higher, and cold-water 
drowning occurs at water temperatures of less than 20° C 
(68 ° F). Some references include very cold water drowning, 
which refers to submersion in water at temperatures of 
5° C (41° F) or less. Additional classification may include 
the type of water in which the submersion occurred, such 
as freshwater and saltwater drowning. The distinction 
between freshwater and saltwater drowning, however, is 
primarily academic, because initial treatment is not affected 
by water type. 118 ' 120 

Incidence 

Worldwide estimates of drowning incidence indicate that 
approximately 500,000 such deaths occur yearly. Accord- 
ing to the Centers for Disease Control and Prevention, in 
2005 there were 3582 fatal unintentional drownings in the 
United States, averaging 10 deaths per day. 121 More than 
one in four fatal drowning victims were children 14 years 
of age and younger. For every child who died of drowning, 
another four received emergency department care for non¬ 
fatal submersion injuries. During this year, males were 
four times more likely than females to die of an uninten¬ 
tional drowning episode. Reviewers estimate 8000 hospi- 
talizations and more than 31,000 emergency department 
visits per year because of childhood immersion. 1 22 Hospi- 
talization costs have been estimated at $23,000 per death 
and $7000 per survivor. In an extensive review of a national 
hospital database, total hospital costs for these patients in 
2003 alone were close to $10 million. 1 - 3 

Many factors affect the exact nature and circumstances 
surrounding submersion events. The most extensive 


review of autopsied drowning cases was published in 2005 
and covered a 20-year period in Canada. 124 In this review, 
the most common site of drowning was open water, fol- 
lowed by residential pools and bathtubs. The largest single 
group affected was male preschoolers. Factors implicated 
in drowning deaths included intoxication of victim or 
supervising adult, recreational boating, epilepsy, cervical 
spine injury after a high-velocity dive, overestimation 
of swimming abilities, and hypothermia. Inadequate or 
lapsed supervision of infants and toddlers results in acci- 
dental submersion in bathtubs and other small amounts 
of water. These incidents should always raise suspicion of 
child abuse and neglect. 131 ' Drowning in younger children 
is witnessed in less than 20% of cases, although more than 
80% of victims are in the care of a responsible adult. Ado- 
lescent submersions have the highest mortality rate at 
about 70%, despite being witnessed by adolescent peers 
about 60% of the time. 126 ' 129 

Pathophysiology 

The drowning process begins when the victim’s airway 
moves below the surface of the liquid, at which time the 
victim has a period of voluntary apnea, or breath holding. 
This is usually followed by an involuntary period of laryn- 
gospasm secondary to the presence of liquid in the 
oropharynx or larynx. If immersion continues, the victim 
becomes hypercarbic, hypoxemic, and acidotic and begins 
to swallow large amounts of water. As the victim becomes 
more hypoxic, the laryngospasm relaxes, and the victim 
actively breathes in liquid. Aspiration of water leads 
to destruction of surfactant, impaired alveolar capillary 
gas exchange, intrapulmonary shunting, and pulmonary 
edema. 130,131 The ongoing hypoxia quickly produces 
unconsciousness, apnea, and finally cardiac arrest. The 
duration of this hypoxia and cardiac arrest is the primary 
determinant of outcome after a submersion injury. 120 Vic¬ 
tims often become hypothermic, which leads to extravas- 
cular fluid shifts and renal diuresis resulting in increased 
fluid losses and decreased systemic perfusion. If the victim 
is not rescued early on in this continuum, multiple organ 
dysfunction will ensue and death will result from tissue 
hypoxia. 128,129 

Central Nervous System Effects 

CNS injury remains the major determinant of subse¬ 
quent survival and long-term morbidity in cases of near 
drowning. 120,132 Primary CNS injury is initially associ- 
ated with tissue hypoxia and ischemia. If the period of 
hypoxia and ischemia is brief or if the person is a very 
young child who rapidly develops core hypothermia, 
primary injury may be limited. The patient may actually 
recover with minimal neurological sequelae. 133 Submer¬ 
sion injuries that are associated with prolonged hypoxia 
or ischemia, however, are likely to lead to both significant 
primary injury and secondary injury from reperfusion, sus- 
tained acidosis, cerebral edema, hyperglycemia, release of 
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excitatory neurotransmitters, seizures, hypotension, and 
impaired cerebral autoregulation. 130 

Autonomic instability (diencephalic/hypothalamic storm) 
is common after severe traumatic, hypoxic, or ischemic 
brain injury, often presenting with signs and symptoms 
of hyperstimulation of the sympathetic nervous system 
(including tachycardia, hypertension, tachypnea, diapho- 
resis, agitation, and muscle rigidity). 130 CNS infection is an 
uncommon but serious complication of near drowning. 
Infection may result from unusual soil and waterborne 
bacteria and fungi and is usually insidious in onset, 
typically occurring more than 30 days after the initial 
submersion injury. 134 

Pulmonary Effects 

Fluid aspiration of as little as 1 to 3 ml/kg can result in sig- 
nificantly impaired gas exchange and a decrease in compli- 
ance of 10% to 40%, primarily secondary to altered surfactant 
function. 117,135,136 Aspiration of either freshwater or saltwater 
can produce surfactant destruction, damage and blockage of 
alveolar-capillary gas exchange, and increased intrapulmo- 
nary shunt. This contributes to atelectasis, lower functional 
residual capacity, and pulmonary edema and ultimately 
leads to profound hypoxia. Hypoxia results in decreased car- 
diac output, arterial hypotension, and increased pulmonary 
arterial pressure and pulmonary vascular resistance. 133,137 

Acute respiratory distress syndrome (ARDS) from 
altered surfactant function and neurogenic pulmonary 
edema is a common complication among survivors of sub¬ 
mersion injury. 13 Increased airway resistance secondary 
to plugging of the patient’s airway with debris, as well as 
release of inflammatory mediators that result in vasocon- 
striction, also impair gas exchange. Ventilator-associated 
lung injury can further compromise noncompliant, edem- 
atous lung tissue. Pneumonia is a rare consequence of 
submersion injury and is more common with submersion 
in stagnant, warm, and fresh water. As with CNS infections, 
uncommon pathogens, including Aeromonas, Burkholderia, 
and Pseudallescheria, cause a disproportionate percentage of 
cases of pneumonia. 138 

Cardiovascular Effects 

During the drowning event, aspiration of water produces a 
reflex pulmonary vasoconstriction as detailed previously 
with pulmonary hypertension and impaired cardiac out¬ 
put. Hypoxia and acidosis may lead to cardiac arrhythmias 
and impaired myocardial function both at the time of the 
injury and later as the clinical course progresses. In a large 
review of out-of-hospital pediatric cardiac arrest it was 
noted that in drowning events asystole is the first recorded 
rhythm in 61% of patients, ventricular tachycardia or fibril- 
lation in 20%, and bradycardia in 16%. 139 Pulmonary hyper¬ 
tension may result from the release of pulmonary inflam¬ 
matory mediators, increasing right ventricular afterload 
and thus decreasing both pulmonary perfusion and left 
ventricular preload. Hypovolemia is primarily secondary to 


fluid losses from increased capillary permeability and hypo- 
thermia during the drowning episode. Profound hypoten¬ 
sion may occur during and after the initial resuscitation 
period, especially when vasodilation occurs as the patient is 
rewarmed. Although cardiovascular effects may be severe, 
if the victim is rescued during the event, they are usually 
transient, unlike severe CNS injury. 

Other Effects 

Differences in the fluid and electrolyte changes seen in 
saltwater submersion and freshwater submersion have 
been stressed in the past. The theory was that the hyperto- 
nicity of saltwater aspirated into the lung may cause an 
influx of fluid from the vascular space, resulting in intra- 
vascular volume depletion and hemoconcentration with 
hypernatremia. 116,11 ' Aspirated freshwater may have the 
opposite effect on fluid balance, producing volume over- 
load, hyponatremia, and hemolysis caused by decreased 
serum osmolality. This has been demonstrated in labora- 
tory models experimentally, but more recent studies have 
shown that the volumes of fluid actually aspirated during 
human drowning are inadequate to produce these 
effects. 118,120,134,140,141 Most patients have fluid aspiration of 
less than 4 ml/kg. 117 Fluid aspiration of at least 11 ml/kg 
is required for alterations in biood volume to occur, and 
aspiration of more than 22 ml/kg is required before sig- 
nificant electrolyte changes develop. 140,141 Ingestion, rather 
than aspiration, is more likely to cause clinically signifi- 
cant electrolyte imbalances, including hyponatremia from 
ingestion of large volumes of freshwater (especially in 
Huldren). 116,124,138,139 

The clinical course after a drowning episode may be 
complicated by multiorgan system failure resulting from 
prolonged hypoxia, acidosis, rhabdomyolysis, acute tubu- 
lar necrosis, or infection or from the treatment modalities. 
Patients may also be at risk of disseminated intravascular 
coagulation, hepatic and renal insufficiency, metabolic 
acidosis, and gastrointestinal injuries and should be 
appropriately managed. 1 18,124 

Treatment 
At the Scene 

The most important point in treatment is the quality of 
resuscitation at the scene of a drowning event. Airway 
management and rescue breathing should begin before the 
victim is out of the water, if possible, and cardiopulmo- 
nary resuscitation (CPR) should be started as soon as an 
adequate surface is available. Care should be taken to sta- 
bilize the cervical spine if there is any risk of cervical spine 
injury (i.e., boating or diving accident). If the airway is not 
patent, standard maneuvers should be used to clear the 
airway. The Heimlich maneuver, however, should not be 
used to remove water from the lung. 142 Any efforts to 
remove water from the lungs, including the Heimlich 
maneuver, only delay initiation of effective rescue efforts. 
As soon as trained emergency personnel are available, 
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more advanced techniques should be used, including 
endotracheal intubation, positive-pressure ventilation, in- 
travenous access, and resuscitation drugs if needed. Hy¬ 
poxia may be underrecognized, so 100% oxygen should be 
administered to all victims. 

Rapid and appropriate response at the scene may result 
in the return of spontaneous heart rate and respirations; 
however, resuscitation is likely to be prolonged if hypoxia 
has been present for several minutes. Even if spontaneous 
respiration is restored, the need for continued assisted ven¬ 
tilation should be expected. The presence of hypothermia, 
hypoxia, and acidosis makes treatment of arrhythmia more 
difficult and their recurrence more likely until these factors 
are corrected. Once a perfusing rhythm has been restored, 
inotrope and pressor therapy may be needed along with 
volume resuscitation. 128,134 Cardiac monitoring and man¬ 
agement of arrhythmia should be priorities. Hypothermia 
is difficult to reverse in the held, but every effort should be 
made to prevent further cooling during the resuscitation. 

Emergency Department 

In the emergency department, stability of the airway and 
adequacy of ventilation should be assessed. The first prior- 
ity for managing drowning victims is to reverse hypoxemia 
by restoring adequate oxygenation and ventilation. All 
patients should be assumed to be hypoxic, acidotic, and 
hypothermic. Arterial biood gas sampling reveals critical 
information regarding oxygenation, ventilation, and the 
severity of acidosis. An arterial line is often invaluable for 
management of severely affected victims. Electrolytes, 
biood urea nitrogen, creatinine, and hemoglobin should 
also be serially monitored. 

Indications for intubation include rising arterial carbon 
dioxide pressure (Paco 2 greater than 35 mm Hg), a ratio 
of arterial oxygen pressure to inspired fraction oxygen 
(Pao 2 /Fio 2 ) less than 300, arterial oxygen saturation (Sao 2 ) 
less than 90%, or tachypnea (compared with normal respi- 
ratory rate for age). It is also common for drowning 
victims to have swallowed a large amount of water and 
therefore be at high risk of vomiting. 143 Unconscious 
patients or those with respiratory compromise should be 
intubated by a rapid sequence induction technique using 
minimal bag-mask ventilation. Mechanical ventilation 
with the use of a cuffed endotracheal tube is the most 
effective method for reversing hypoxemia and preventing 
further aspiration. Aspiration of liquid, development of 
pulmonary edema, and decreased lung compliance may 
make effective ventilation difficult. Positive end-expiratory 
pressure should be initiated at 5 cm H 2 0 and increased 
in 2- to 3-cm H 2 0 increments to 15 cm H 2 0 as cardiac 
output and biood pressure allow. 134 

If ventilation is adequate, treatment of metabolic acido¬ 
sis with tromethamine (THAM) or sodium bicarbonate is 
advisable. Cardiac arrhythmias should continue to be 
treated but may be refractory in the presence of significant 
hypothermia. Tissue perfusion and biood pressure should 


be assessed to determine the adequacy of cardiac output. 
Intravascular volume expansion is often necessary in the 
presence of postarrest myocardial dysfunction, and ino¬ 
trope and vasopressor therapy should be used if indicated, 
often necessitating placement of a central line. 

Some degree of hypothermia (core temperature less 
than 35 ° C) is almost always present after a significant sub- 
mersion, and severe hypothermia is associated with charac- 
teristic physical examination findings (Table 31-4). The 
goals of management are to prevent a further fall in core 
temperature and establish a safe and steady rewarming rate 
while maintaining cardiovascular stability. The health care 
team should attempt to rewarm the patient 1° C to 2° C 
per hour to a range of 33° C to 36° C. 144 Aggressive rewarm¬ 
ing above this range should be avoided because hyperther- 
mia has been shown to worsen underlying cerebral injury 
in postcardiac arrest patients. 145 When warming is at- 
tempted, cardiac arrhythmia, electrolyte abnormalities, and 
hypotension caused by vasodilation should be anticipated. 
Increasing core body temperature is the goal, and simple 
warming of the skin surface alone should be avoided. 
Warmed intravenous fluid and ventilator gases should be 
used. Irrigation of the stomach, urinary biadder, and peri- 
toneal cavity with warmed saline is effective and relatively 
low risk. Irrigation of the pleural space with warmed saline 
has the advantage of warming the central circulation but 
may compromise ventilation and oxygenation. Extracorpo- 
real bypass is the most effective means of increasing body 
temperature for patients presenting with temperature less 
than 28° C, and in some cases this technique should be 
considered early in the course of management, although 
evidence of success in the pediatric population has not 
been thoroughly studied to date. 146 An algorithm for initial 
resuscitation is presented in Figure 31-8. 


TABLE 31-4 


Key Findings at Various Degrees of Hypothermia 
Temperature (°C)* Clinical Findings 


37 

Normal oral temperature 

36 

Metabolic rate increased 

35 

Maximum shivering seen/impaired 
judgment 

33 

Severe clouding of consciousness 

32 

Most shivering ceases and pupils dilate 

31 

Biood pressure may no longer be 
obtainable 

28-30 

Severe slowing of pulse/respiration 
Increased muscle rigidity 

Loss of consciousness 

Ventricular fibrillation 

27 

Loss of deep tendon, skin, and capillary 
reflexes 

Patients appear clinically dead 

Complete cardiac standstill 


*As documented by low-registering thermometer. 

Data from Weinberg AD. Hypothermia, Ann EmergMed 1993;22:370. 
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FIGURE 31-8 Algorithm for initial resuscitation. (Data from Weinberg AD. Hypothermia. Ann Emerg 
Med 1993;22 (Pt 2):370-377.) 
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Patients evaluated in the ED who are minimally 
affected with no history of loss of consciousness, no 
altered mental status, and no respiratory signs and symp¬ 
toms may be observed for a period of hours in the ED and 
discharged home if no complications arise. Patients with 
any degree of respiratory compromise, history of need 
for rescue breathing, or loss of consciousness should be 
admitted to the hospital even if stable in the ED, because 
both neurologic injury and lung injury may progress over 
the first hours to days. 131 

Inpatient 

For patients requiring admission to the hospital, intensive 
care unit (ICU) treatment is primarily supportive. Most 
ICU patients will require invasive monitoring with a cen¬ 
tral venous catheter, an arterial line, a nasogastric tube (to 
prevent further aspiration), and a Foley catheter (to moni¬ 
tor urine output). Neurological injury is the most serious 
consequence of submersion injury and should be the focus 
of care. In more severely affected patients, progression of 
cerebral edema with resultant increased ICP should be 
anticipated through the first 3 to S days. Seizures and fever 
may occur and should be aggressively treated because both 
will exacerbate ICP. Although cerebral edema is a common 
consequence of prolonged submersion (or submersion fol- 
lowed by prolonged circulatory insufficiency), retrospec- 
tive reviews and animal studies have not demonstrated 
any benefit from the use of intracranial pressure monitor¬ 
ing with diffuse axonal injury. 147 ' 149 Therefore, as with 
any hypoxic brain injury, ICP monitoring and aggressive 
pressure-directed therapy for drowning victims is not 
recommended. 146 > 147 

Basic measures to decrease ICP should be employed 
(Box 31-3). In patients who have a functional recovery, a 
slow return of neurological function occurs over weeks to 
months as the cerebral edema resolves. 

Fever and chest radiograph changes should be expected 
early in the Chemical course of submersion injury. Lung 
infiltrates, fever, and leukocytosis are common after sub¬ 
mersion injury and do not necessarily indicate an infec- 
tious pneumonia. It has been widely studied and accepted 
that early or prophylactic treatment with antibiotics 
increases the likelihood of later infection with resistant 


organisms and is therefore discouraged. 117,136 If strong 
evidence of bacterial pneumonia develops, such as persis- 
tent fever, evolving focal infiltrates on chest radiograph, or 
positive bacterial cultures for likely organisms, then anti- 
biotic therapy should be tailored to treat those organisms 
most likely in this setting or those found in bacterial cul- 
ture. Foreign bodies should be suspected if lung changes 
are focal or if segmental air trapping is present. Bronchos- 
copy may be indicated in order to evaluate and remove 
foreign bodies. 

Pulmonary edema and ARDS may progress rapidly in 
the first 24 hours and complicate management, but as 
with most causes of ARDS, the patient usually responds to 
careful and aggressive respiratory management. Acute re¬ 
spiratory distress in the context of submersion injury is 
managed as in any other setting. Adequate PEEP is the key 
element of the ventilator strategy, along with minimizing 
tidal volume and peak inspiratory pressure to reduce the 
risk of secondary lung injury. 134,136 PEEP should be in¬ 
creased from 5 cm H 2 0 with the goal of a Pao 2 /Fio 2 ratio 
of 300 or more. The level of PEEP or continuous positive 
airway pressure needed to maintain oxygenation should 
be continued for 24 to 48 hours before attempting to 
decrease it in order to permit adequate surfactant regen¬ 
eration. To minimize oxygen toxicity, the delivered Fio 2 
should also be reduced to 50% or less as tolerated. Other 
modes of ventilation, including high-frequency oscillatory 
ventilation and airway pressure release ventilation, may 
support ventilation and oxygenation with less risk of ven- 
tilator-associated lung injury than is associated with older 
methods of ventilation. Use of artificial surfactant is usu¬ 
ally not indicated in ARDS caused by drowning. Although 
providing temporary improvement in lung function in 
many reports, surfactant most likely does not change out- 
come and is an ongoing focus of investigation. 128 There is 
also no specific indication for early use of corticosteroids 
in submersion injury. 

Myocardial dysfunction requiring inotropic support 
may persist for days after a significant hypoxic insult. 114 
Recurrent arrhythmia may also occur but is less likely 
after the initial hypothermia, acidosis, and hypoxia are 
corrected. Although it is not especially common in 
submersion injury, acute renal failure and other organ 
dysfunction may occur after cardiac arrest from any 
cause and may require any level of support, including 
hemodialysis or continuous venovenous hemofiltration 
and dialysis. 

As the patient becomes more stable, early involvement 
of physical and occupational therapy is appropriate. The 
need for extensive rehabilitation is common. Attention to 
the emotional and social needs of the parents is also im- 
portant. Anger and guilt are common because most sub- 
mersions are preventable accidents. Family dysfunction 
should be anticipated and appropriate referral made when 
needed. 


Box 31-3 


Initial Strategies to Control 
Intracranial Hypertension 

1. Elevate the head 15 to 30 degrees. 

2. Maintain the head in the midline. 

3. Avoid hypercarbia. 

4. Ensure adequate biood pressure and oxygenation. 

5. Provide adequate sedation and analgesia. 

6. Avoid volume overload and hypovolemia. 

7. Avoid hyperglycemia. 

Data from Weinberg AD. Hypothermia. Ann EmergMed 1993;22:370. 
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Outcome 

The topic of outcome fits comfortably at the end of most 
clinical discussions. With submersion injury, however, 
outcome may have been more appropriately discussed 
first. As with any condition that includes hypoxic-ischemic 
brain injury as a primary part of its pathology, submersion 
injury has a tragically poor prognosis. It is within the 
context of this poor prognosis that decisions and manage¬ 
ment plans are made. A common question is, “How far 
should treatment go?” Much of the most recently pub- 
lished literature on submersion injury attempts to answer 
this difficult question. 

Traditionally, all critically ill patients, including sub¬ 
mersion victims, are approached with aggressive resuscita- 
tion and life support so that each potential survivor has 
the best chance of eventual recovery. This minimizes the 
risk of allowing a potential survivor to die because maxi¬ 
mal support has been withdrawn. This approach, however, 
also ensures that many patients whose best possible out¬ 
come is persistent vegetative State will also survive. As early 
resuscitation is associated with improved outcomes, many 
studies have attempted to determine clinical, laboratory, 
or other variables to identify which patients would benefit 
from resuscitative efforts. 150,151 Although no individual 
characteristics have been found to predict survivability, the 
Orlowski score is an example of an attempt to identify the 
likelihood of neurologically intact survival. 149 In using 
the Orlowski score, one point is given for each item; scores 
of two or less are associated with a 90% likelihood of com- 
plete recovery, and submersion-injury patients with scores 
of three or more have only a 5% chance of survival. The 
items in the Orlowski score are as follows: 

• Age 3 years or older 

Submersion time of more than 5 minutes 

No resuscitative efforts for more than 10 minutes after 

rescue 

Comatose on admission to the emergency department 

• Arterial pH of less than 7.10 

Habib and colleagues 152 predicted outcome in a retro- 
spective case series. Patients arriving in the ED comatose 
and pulseless had a uniformly poor outcome, whereas those 
with a pulse and biood pressure in the ED completely recov¬ 
ered. In addition, patients who remained comatose longer 
than 200 minutes had poor outcomes, and those who were 
not comatose had normal recovery. A 48-hour period of 
observation in the pediatric ICU, in addition to the variables 
seen in the first hours after submersion, may improve 
our ability to predict outcome. Reliably predicting which 
patients will experience which outcome early in the clinical 
course would be helpful in counseling families regarding 
prognosis and in making decisions about initiating or with- 
drawing expensive or limited therapeutic resources. 

The neuroprotective effects of cold-water drowning are 
poorly understood. We know that hypothermia profoundly 
decreases the cerebral metabolic rate. Neuroprotective 
effects seem to occur only if the hypothermia occurs at the 
time of submersion and only if rapid cooling occurs in 


water with a temperature of less than 5° c . 143,146,153 Intact 
survival of comatose patients after cold-water submersion 
injuries still is quite uncommon. Anecdotal reports of sur¬ 
vival exist for children with moderate hypothermic submer¬ 
sion (core temperature less than 32° C), but most persons 
experiencing cold-water submersion do not develop hypo¬ 
thermia rapidly enough to decrease cerebral metabolism 
before severe, irreversible hypoxia and ischemia occur. 1 ' 1 

PREVENTION 

Prevention of unintentional injuries remains key to pro- 
tecting children. Over time health care professionals have 
realized that expert trauma care alone cannot slow the 
injury epidemic that kills more children and young adults 
in the United States than any other cause. Motor vehicle 
accident injury and death have seen a decrease in incident 
however, prevention methods, such as car seats and seat 
belts, continue to be underutilized. 154 Submersion events 
and death from drowning are, in most cases, preventable. 
A majority of victims are young, previously healthy people. 
There have been no recent breakthroughs in medical tech- 
nology or treatment modalities that have improved sur¬ 
vival rates for submersion victims. As with all accidental 
injuries, prevention is the only effective means of reducing 
morbidity and mortality. This is especially true of submer¬ 
sion injury because outcomes are often poor regardless of 
therapy. 147 Health care professionals can play a major role 
in educating the public as a whole and individual patients 
and families. Efforts to prevent deaths from drowning are 
appropriately focused on improved supervision, proper 
fencing around pools, and CPR training. Children and 
adults should be instructed never to swim alone or unsu- 
pervised. A recent Cochrane Library review demonstrated 
that isolation fencing (self-closing latched gate around the 
pool) is superior to perimeter fencing (enclosing the house 
and yard together). 151 ’ Pool alarms and covers have not 
been shown to prevent drowning. Lowering rates of alco- 
hol use around bodies of water and educating parents on 
the importance of constant supervision of children in the 
bathtub are also important. Submersion injuries may even 
occur in toilets and water buckets. 123,125,126 Appropriate 
measures must be taken to ensure that children are never 
unsupervised in bathrooms, and water buckets must be 
emptied when not in use. Training families in CPR may 
decrease the duration of hypoxia experienced by a submer¬ 
sion victim. Infant swimming or water-adjustment pro¬ 
grams do not prevent submersion injuries and are poten¬ 
tially hazardous, providing parents with a false sense of 
security if they believe their infant can swim. 126 

Children under the age of five tend to be injured within 
the home, whereas older children and young adults are in¬ 
jured outside the home. The four Es of injury prevention 
are often used as an organized structure for prevention 
strategies. 

■ Education 

Encourage safe behavior through information 
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• Enactment/enforcement 

Pass safety laws and encourage law officers to enforce 
them 

• Engineering 

Designing safety into environment/products 

• Economic incentives 

Make safety affordable and made risk expensive 

Each strategy has evidence of effectiveness. Education 
is the strategy that health care providers can best 
support in their daily practice. 134 Providing education 
through face-to-face counseling, videos, and written ma- 
terials on bicycle helmets, car seats, home safety, water 
safety, and poisoning prevention have shown to have 
positive outcomes leading to improved safety knowledge 
and behaviors. 152 

Safety and prevention require national, State, local, 
and individual support. Significant attention must be 
given to prevention to decrease the incidence of the 
leading cause of death in children. As stated by Cowden 
et al., in Pediatric Emergency Medicine Practice, the best- 
supported interventions are behavior change counsel¬ 
ing and provision of safety devices with standardized 
education. 154 


CASE STUDY 1 


J.K., a 1 6-year-old young woman, suffered severe blunt chest 
trauma when a horse from which she had fallen tripped and 
fell on her chest. She was intubated at the scene because 
of respiratory distress and was hånd ventilated with 100% 
oxygen while transported. 

On arrival her oxygen saturation was 83% on a ventilator 
(PIP 20 cm H 2 0, PEEP 5 cm H 2 0 RI 2 and Fio 2 1.00). A chest 
radiograph demonstrated a large tension pneumothorax on 
the right side with bilateral pulmonary contusions. She had 
multiple rib fractures and fractures of TI and T2 transverse 
processes. Bilateral chest tubes were placed immediately 
with improvement in saturations, but there was a continuous 
air leak from the right side. 





I She was weaned to an Fio 2 of 0.23 in the next 12 hours. The 
patient underwent flexible bronchoscopy through the endotra- 
cheal tube, which demonstrated a laceration ofthe right bron- 
chus intermedius. This was treated nonoperatively, but healed 
with a stricture, which subsequently required a sleeve resection. 

1. Suspicion ofa traumatic pneumothorax is best confirmed 
by which physical signs? 

A. Hyperexpansion ofthe ipsilateral chest 

B. Subcutaneous emphysema 

C. Diminished breath sounds on the ipsilateral chest 

D. Elevated jugular venous pressure 

2. Treatment ofan adolescent with a symptomatic tension 
pneumothorax secondary to blunt thoracic trauma is 
best accomplished immediately by: 

A. Insertion ofa large-bore needle in the midclavicular 
line ofthe second to third intercostal space 

B. Insertion ofa large-bore needle in the posterior 
axillary line ofthe second to third intercostal space 

C. Carefully monitored observation 

D. I ertion of a 1 2 Fr chest tube in the midclavicular 
line ofthe second to third intercostal space 

E. Insertion of a 1 2 Fr chest tube in the posterior 
axillary line ofthe second to third intercostal space 


CASE STUDY 2 


A 12-year-old boy is watching a golf match when a club slips 
out ofa golfer’s hånd and strikes him on the left temporal 
region of his head. Answer the following questions about his 
injury and its treatment. 

1. He falls to the ground unconscious and is not able to be 
aroused. He is breathing and nonresponsive to verbal 
stimuli (although he pulis away from pain). He exhibits 
tachycardia at 128; his pulse is full and bounding. His 
eyes are nonreactive and midline. There is no bleeding at 
the injury site. The patient’s Glasgow Coma Scale score is: 

A. 10 

B. 15 

C. 6 

D. 8 

2. Which ofthe following do you do next? 

A. Order stat head and spine CT scan and laboratory 
tests for electrolyte level; monitor pulse Oximetry; 
and order a spinal tap. 

B. Immobilize head and spine, cover with jackets, call 
EMS, and monitor vital signs. 

C. Move to the clubhouse on a golf cart, put ice on the 
impact point, and give aspirin for headache. 

D. Penalize the golfer two strokes for loss of club Control 
and failingto call “fore.” 

E. Start a large-bore IV line, insert airway, sit him up at 
a 45-degree angle, and monitor vital signs. 

3. What is/are the most likely future actions with regard to 
the patient and his injury? 

A. Observe in the hospital for 24 to 48 hours. 

B. Vital signs and neurological checks Q1 X 4, Q2 X 2, 
Q4 X 4 until discharge. 

C. Order reduced activity level and observe at home for 
2 days after discharge. 

D. All ofthe above are standard and appropriate actions. 
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j KEY POINTS 

• Three general causes of brain damage are trauma, 
genetic-developmental, and toxic-infective. 

• The Spectrum of thoracic injuries in pediatric patients 
includes birth trauma and blunt, penetrating, and 
iatrogenic thoracic trauma. 

• Motor vehicle accidents, bicycle accidents, and falls are 
contributors to blunt thoracic injuries resulting in com- 
plications associated with pulmonary contusions and 
flail chest. 

• Pneumothorax, hemothorax, airway injury, and vascu- 
lar injury are included in the Spectrum of penetrating 
thoracic injuries seen in children. 

• The epidemiology of thermal injuries includes uninten- 
tional fire or burn-related events. In younger children 
scald injuries are common, whereas fireworks contrib- 
ute to many of the thermal injuries in older children. 

• Thermal injury management includes topical antimi- 
crobial therapy, fluid resuscitation, nutritional support, 
airway support and management, grafting, and in 
some cases escharotomy. 

• Drowning refers to all forms of submersion injury leading 
to respiratory impairment. Immersion describes the face 
and airway being covered by water or liquid, whereas 
submersion describes the entire body being under water. 

• Respiratory management of drowning victims should 
begin before the victims is out of the water. Endotra- 
cheal intubation and positive-pressure ventilation with 
PEEP should be initiated upon arrival of emergency 
response personnel. Monitoring of oxygenation, venti¬ 
lation, and severity of acidosis are vital. Treatment of 
hypothermia is also key. Using minimal tidal volumes 
and peak inspiratory pressure can reduce the risk of 
secondary lung injury. High-frequency oscillatory 
ventilation should be considered. 

• Contributing factors to morbidity and mortality of 
drowning victims include witnessed or unwitnessed 
event, cold water, warm water, saltwater, or freshwater. 

• Prevention strategies for unintentional injuries of children 
include education, enactment/enforcement, engineering, 
and economic incentives. Specific actions include the use 
of seat belts, car seats, proper fencing around pools, 
appropriate supervision, and CPRtraining. 


| ASSESSMENT QUESTIONS 

1. What is the leading cause of death for children ages 1 
to 1 9 years? 

A. Drowning 

B. Trauma 

C. Suffocation 

D. Burns 

2. Which organ or organs could be injured in response to 
the Monro-Kellie doctrine? 

A. The brain 

B. The heart 

C. The lungs 

D. All of the above 


3. The Glasgow Coma Scale (GCS) score includes the 
following variable(s): 

A. Eye opening, verbal response, motor response 

B. Temperature, pulse rate, Spo2, biood pressure 

C. Grip strength, Babinski response, eyes closed nose 
touch 

D. Children’s soma scale score plus Spo 2 

4. Paralysis of the hemidiaphragm caused by birth 
trauma is secondary to: 

A. Distortion of the thoracic spine during delivery 

B. Distortion of the cervical spine during delivery 

C. Direct rupture of the diaphragm with increased 
intrathoracic pressure during delivery 

D. Damage from obstetrical forceps 

5. What is the most appropriate treatment for congenital 
chylothorax? 

A. Institution of a high-fat diet 

B. Intubation and ventilation with a high MAP 

C. Intubation and ventilation with a high PEEP 

D. Place on nothing-by-mouth (NPO) status, with 
total parenteral nutrition 

E. Ligation of the thoracic duet at the base of the 
left neck 

6. Children with penetrating thoracic trauma in the right 
anterior seventh intercostal space should have the 
following: 

A. Immediate thoracotomy and control of bleeding 
from the right lower lobe 

B. Chest CT scan 

C. Chest and abdominal CT scan 

D. I mmediate bronchoscopy 

E. Immediate pericardiocentesis 

7. What is the funetion of normal skin? 

I. Protect the body from infeetion and injury 

II. Prevent fluid loss 

III. Regulate hemodynamics 

IV. Provide mass and form 

V. Provide sensory input 

A. I, II, III 

B. II, III, IV 

C. III, IV 

D. I, II, V 

E. III, IV,V 

8. How is superficialpartial-thickness burn defined? 

A. The skin is red without blisters and very painful. 

B. It involves the epidermis and the entire dermis. 

C. It is also known as eschar. 

D. Dermal appendages, including hair follicles and 
sweat giands, are involved 

E. It involves the epidermis and part of the superficial 
part of the dermis. 

9. What does the rule of nines estimate? 

A. The percent of body surface that is burned in 
infants and young children 

B. Fluid requirements for burn injury fluid 
resuscitation 

C. The weight of the patient for total body surface 
area 

D. Ideal body weight for ventilator management 

E. The Pao 2 related to a specific oxygen saturation on 
the oxyhemoglobin dissociation curve 
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10. Carbon monoxide inhaled into the lungs and trans¬ 
ferred to the bloodstream: 

A. Combines with hemoglobin and reduces the 
oxygen-carrying capacity 

B. H as a higher affinity for binding to hemoglobin 
than oxygen 

C. Shifts the oxyhemoglobin dissociation curve to 
the left and reduces the ability of hemoglobin to 
offload oxygen to the tissues 

D. Is responsible for the majority of immediate 
deaths occurring at the scene of building fires 

E. All of the above 

11. The 2002 World Congress on Drowning consensus 
statement defines drowning as: 

A. Death from asphyxia caused by submersion in 
water 

B. Respiratory injury occurring when the whole body 
is underwater 

C. The process of experiencing respiratory impairment 
from submersion in a liquid medium 

D. A witnessed episode of submersion 

12. Males are how many times more likely to die of 
unintentional drowning than females? 

A. No difference 

B. Two 

C. Four 

D. Ten 

13. The primary determinant of neurological outcome 
after submersion injury is: 

A. Duration of hypoxia and cardiac arrest 

B. Duration of submersion in water 

C. Temperature ofwater in which victim was im- 
mersed/submerged 

D. Volume ofwater aspirated into the lungs 

14. The major determinant of subsequent survival and 
long-term morbidity in drowning is: 

A. Initial body temperature 

B. Extent of central nervous system injury 

C. Severity of electrolyte abnormalities 

D. Presence of multiorgan system failure 

15. Priorities in initial management of the drowning 
victim in the field include: 

A. Prompt initiation of airway management, rescue 
breathing, and CPR 

B. Stabilization of the cervical spine 

C. Administration of 100% oxygen when available 

D. Prevention of progressive hypothermia 

E. All of the above 

16. Patients with hypothermia after submersion should be 
aggressively rewarmed to 37° C) as soon as possible. 

A. True 

B. False 

17. Ventilator management for respiratory disease caused 
by submersion injury includes which of the following 
strategies? 

A. Aggressive hyperventilation 

B. Adequate use of PEEP 

C. Maintenance of F 1 O 2 above 50% to increase 
oxygen delivery to the brain 

D. Rapid reduction in PEEP when gas exchange 
improves 


18. What is the organized structure for prevention 
strategies? 

A. Education and training 

B. Enforcement of current laws 

C. The four Es of injury prevention 

D. I mproved parental supervision 
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Disorders of the Pieura 


PAUL C. STILLWELL 


OUTLINE 


Pleural Effusions 

Pneumomediastinum 

Pneumothorax 

Surgery in the Pleural Space 

Thoracostomy Drainage 

LEARNING OBJECTIVES 



After reading this chapter the reader will be able to: 

1. Describe the normal function of the pleural space in 
healthy children 

2. List the causes of pneumothorax in neonates and 
children 


3. Recognize the causes of pleural effusions and empy- 
ema in children of all ages 

4. Discuss the principles of managing abnormal air or 
fluid in the pleural space in children 


KEY TERMS 


Chest tube Pneumomediasti 

Empyema Pneumothorax 

Pleural effusion Thoracotomy 


The pleura surround the outer surface of the lungs and the 
mediastinum as well as the inner surface of the chest wall 
and the diaphragm. This sliding surface provides minimal 
resistance between the lung and chest wall during respira- 
tory movements. The pleural “space” is generally only a 
potential space with a normal fluid volume of 1 to S ml. The 
pleural membranes, however, are very thin and permeable 
to both liquid and gas; an estimated S to 10 L of fluid per 
day cross from the parietal pleura to the visceral pleura in 
a normal adult. 1 ’ 

The pleura lining the chest wall, mediastinum, and dia¬ 
phragm is called the parietal pleura. Its biood supply is from 
the systemic circulation, and its venous drainage is through 
the azygos, hemiazygos, and internal mammary veins into the 
superior vena cava. The visceral pleura covers the surface of the 
lungs including the fissures, with its biood supply from bron- 
chial arteries and its venous drainage through the pulmonary 
veins. 1 In the healthy subject a positive 9 cm H 2 0 of hydro- 
static pressure drives fluid from the parietal pleura capillary 
bed into the pleural space, and a negative 10 cm H 2 0 of 
hydrostatic pressure favors absorption of fluid into the 
visceral pleura capillaries. 1 1 


num Video-assisted thoracoscopic 

surgery (VATS) 


Several factors determine the amount of fluid in the 
pleural space. The intracapillary hydrostatic pressures tend 
to drive fluid out of the capillaries, whereas the pericapillary 
hydrostatic pressures tend to counterbalance this force. 
The plasma colloid osmotic pressures exert a force to retain 
fluid within the capillaries, whereas the pericapillary colloid 
osmotic pressure tends to favor fluid movement out of the 
capillaries. Changes in the balance of these forces deter¬ 
mine how much fluid is retained within the pleural space. 
Increased capillary permeability (e.g., acute respiratory 
distress syndrome), decreased intravascular colloid os¬ 
motic pressure (e.g., low serum albumin), and increased 
pulmonary venous pressure (e.g., heart failure) are com- 
mon contributors to accumulation of fluid in the pleural 
space. Obstructed lymphatic drainage is another factor 
that favors accumulation of fluid in the pleural space. 1,2 
Chylothorax, a collection of lymphatic fluid in the pleural 
space, is an uncommon cause of pleural effusion in chil¬ 
dren, except when they have undergone thoracic surgery 
with interruption of the thoracic duet. 1,2 

In healthy individuals the chest radiograph seldom dem- 
onstrates any pleural fluid. 1 An estimated 4% of normal 
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adults may have minor radiographic evidence of pleural 
fluid if the films are taken in the decubitus or Trendelen- 
burg position. A pleural effusion has typical radiographic 
features (Figures 32-1 to 32-3). Ultrasound examination or 
computed tomography (CT) of the chest may be more sen¬ 
sitive in identifying small accumulations of pleural fluid. 2,4 



FIGURE 32-1 Upright chest radiograph of a 7-year-old child 
with a large pleural effusion on the right. The bottom third of the 
right hemithorax is white with a rounded superior margin (menis- 
cus sign, arrows). The diaphragm is obscured, and there are air 
bronchograms in the right lower lung zone. This parapneumonic 
effusion was an empyema caused by streptococcaI pneumonia. 



FIGURE 32-2 Right-side-down decubitus radiograph of the 
child in Figure 32-1. The fluid is more prominent on the lateral 
chest wall margin, indicating free movement of the fluid in the 
pleural space (arrows). 



FIGURE 32-3 Chest CT scan showing a right-sided empyema 
along the right lateral wall (black arrow) and a right lower lobe 
infiltrate between the empyema and the spinous process (asterisk). 


The CT scan may also provide more information about the 
underlying lung parenchyma than is available from the 
plain chest radiograph, especially when large amounts of 
fluid are present. However, ultrasound and CT usually are 
not required to identify a clinically significant effusion. 
Ultrasound may be used to facilitate finding the optimal 
location to perform a thoracentesis. 4 

PLEURAL EFFUSIONS 

Pleural effusions may be suspected clinically when there is 
an area of decreased-intensity breath sounds on chest aus- 
cultation with an associated dullness to percussion over the 
corresponding area. 2,3 Comparison with the contralateral 
lung can help distinguish the normal boundaries of the 
thoracic cavity unless the effusion is bilateral. The patient 
may experience few symptoms from a small pleural effusion 
but usually has symptoms of respiratory distress with larger 
accumulations. Chest pain, chest wall tenderness, dyspnea, 
and pain with coughing or deep breathing are often associ¬ 
ated with pleural effusions. In addition to decreased inten- 
sity of breath sounds with dullness to percussion, crackles 
may be appreciated immediately superior to the effusion, 
where the lung may be involved with underlying pneumo¬ 
nia, or the normal lung may be partially compressed by the 
effusion. The location of these abnormal examination Ånd¬ 
ings may change when the position of the patient is changed 
if the fluid is flowing freely within the pleural space. The 
respiratory care practitioner may be the first to detect the 
findings of a pleural effusion during auscultation. 

When a suspected effusion is confirmed by a chest ra¬ 
diograph, the initial decision is whether it should be 
drained, either for diagnostic purposes or for therapeutic 
purposes, or both. In adult medicine and with older, coop- 
erative children, a thoracentesis is often the initial ap¬ 
proach to drainage. 3,5 This diagnostic procedure consists 
of placing a needle into the pleural space and withdrawing 
the pleural fluid. On occasion an underlying disease such 
as overt heart failure or nephrotic syndrome will leave little 
doubt as to the cause and nature of the pleural effusion, 
thereby decreasing the need for a diagnostic thoracente¬ 
sis. 3,5 The pleural fluid is generally categorized as either a 
transudate or an exudate on the basis of specific criteria 
(Table 32-1 and Box 32-1). Disease processes associated 
with transudates and exudates in children are listed in 
Boxes 32-2 and 32-3. 2,3,5 In pediatric patients for whom 
prolonged drainage may be required, such as an empyema, 
a chest tube may be placed initially either by an interven¬ 
tional radiologist or by a surgeon, often after performing a 
video-assisted thoracoscopic surgery (VATS). If this is the 
case, thoracentesis is usually foregone and the fluid analysis 
is sent on a sample from the chest tube. In most children’s 
hospitals the pleural drainage is increasingly done by an 
interventional radiologist with ultrasound guidance. 6 

Complications of thoracentesis include pneumothorax, 
hemorrhage, and infection. A pneumothorax may be created 
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TABLE 32-1 


Distinguishing Transudate from Exudate 
Measurement Transudate Exudate 


Protein (g/dl) 


<3 

>3 

Effusion/serum 

protein ratio 

<0.5 

>0.5 

LDH (units/L) 


<250 

>250 

Effusion/serum 

LDH ratio 

<0.6 

>0.6 


LDHj Lactate dehydrogenase. 



by nicking the lung with the needle or by not maintaining 
a closed system and allowing air to enter the chest cavity 
from the atmosphere. Hemorrhage may result from nicking 
a vessel or the lung during needle insertion.- 1 If sterile tech- 
nique is not followed, infection can be introduced into the 
pleural space, or the sample sent for microbiology evalua- 
tion will be contaminated, or both. Other complications 
include an allergic reaction to the sedating medicines or 
hypoventilation resulting from oversedation. Because most 
pediatric patients receive sedation or anesthesia for chest 
tube placement and thoracentesis, a person skilied at pro- 
viding and monitoring their sedation is usually in atten- 
dance. However, it is important for the respiratory care 
practitioner to be familiar with these complications 
because he or she may be monitoring the patient’s cardio- 
vascular and pulmonary status after completion of the 
procedure. Any deterioration in the patient’s clinical status 
after the procedure immediately should be called to the at¬ 
tention of the appropriate care team for further assessment. 

Several laboratory tests are performed on the pleural fluid 
to identify the cause of effusion. 2 ' 5 The most common type of 
pleural effusion in pediatrics is a parapneumonic effusion ^ 2,4,6 
which indicates that the pleural fluid is the result of an under- 
lying pneumonia. Although typically a bacterial pneumonia, 
parapneumonic effusion can also result from a viral, fungal, 
or parasitic infection or from tuberculosis (Box 32-4). 6 If the 


Box 32-2 


Causes of Transudative Pleural 
Effusions 


• Congestive heart failure 

• Nephrotic syndrome 

• Cirrhosis or liver failure 

• Acute glomerulonephritis 

• Hypoproteinemia 

• Myxedema 

• Sarcoidosis 

• Peritoneal dialysis 


Box 32-3 


Causes of Exudatlve Pleural 
Effusions 


• Parapneumonic effusion or empyema 

• Pulmonary embolism 

• Neoplasm 

• Collagen vascular disease 

• Trauma 

• Drug hypersensitivity 

• Lung transplant rejection 

• Chylothorax 

• Gastrointestinal diseases 

• Lymphatic disease 

• Postcardiac surgery syndrome 

• Acute chest syndrome (sickle cell disease) 


Box 32-4 


Causative Organisms in 
Parapneumonic Pleural Effusions 


AEROBIC BACTERIA 

Streptococcus pneumoniae 

Staphylococcus aureus (both methicillin sensitive and 
resistant) 

Haemopbilus influenzae 
Streptococcus pyogenes 
Group A, p-hemolytic streptococci 
ANAEROBIC BACTERIA 
Bacteroides species 
Peptostreptococcus species 
Peptococcus species 
Fusobacterium species 
TUBERCULOSIS 

Mycobacterium tuberculosis 
VIRUSES/MYCOPLASMA 
Adenoviruses 
Parainfluenza viruses 
Mycoplasma pneumoniae 
FUNGI/FUNGAL ORGANISMS 
Coccidioides immitis 
Actinomyces species 
Nocardia species 
PARASITES 

Paragonimus species 
Cysticercus species 
Entamoeba histolytica 
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pneumonia extends to infect the pleural Space as well, the 
effusion is then termed an empyema. 4,6 The effusion is char- 
acterized as an empyema by the presence of frank pus in the 
pleural Space, by a positive culture of the pleural fluid, by a 
positive Gram stain of the pleural fluid, or by a pleural fluid 
white biood cell count greater than 15,000/mm 3 . Streptococcus 
pneumoniae is the most common organism causing pneumo¬ 
nia and empyema in children. 2,4,6 

In adult patients the presence of an empyema suggests 
that a chest tube should be placed to prevent subsequent 
fibrous entrapment of the lung. 5 In children, lung entrap- 
ment seldom occurs after empyema. It is becoming less 
common for physicians to perform repeated thoracenteses 
or to wait for the antibiotic therapy alone (without chest 
tube drainage) to resolve both the pneumonia and the 
empyema (see Surgery in the Pleural Space later in this 
chapter). 6 ' 8 In addition to chest tube drainage, prolonged 
antibiotic therapy is often administered (e.g., 4 to 
6 weeks). 6 " 8 The availability of long-term indwelling intra- 
venous catheters allows transition of intravenous therapy 
from hospital to home. The duration of combined intrave¬ 
nous and oral antibiotics necessary for successful resolu¬ 
tion of an empyema is not well defined. Eventual healing 
of the pneumonia and pleural space with normal lung 
function and a normal chest radiograph is the usual out- 
come for children, although the chest radiograph may not 
return to normal for several months. 2,6 ' 8 In addition to 
chest tube drainage alone, insertion of fibrinolytic agents 
(e.g., urokinase, tissue plasminogen activator, dornase 
alpha) into the pleural space to enhance drainage and per¬ 
haps hasten healing has been tried. 9,10 Studies in adults 
do not show a consistent benefit, 10 but there are no large 
controlled studies in children. In small series of pediatric 
patients for whom intrapleural fibrinolytic therapy has been 
tried, it has been achieved safely. 6,8,9 Because of the wide 
variation in success with different management strategies, 
the decision regarding whether to drain or not, what type of 
drainage, whether fibrinolytic therapy should be used, or 
whether surgery should be offered for the child with an em¬ 
pyema, management should be individualized. 6 " 9 

Although less common, other causes of pleural effusion 
besides infection should be considered; malignancy, acute 
chest syndrome from sickle cell disease, and postsurgical 
effusions can also create exudative effusions. 2,3 

Additional studies besides total protein and lactate dehy- 
drogenase levels may help identify the cause of the effusion. 
Cell counts and special stains may be helpful. Malignant cells 
are found in 60% to 90% of effusions caused by malig¬ 
nancy. 2 ’ 3,5 The respiratory care practitioner may be asked to 
determine the pleural fluid pH, using a biood gas machine. 
The specimen must be collected anaerobically in a heparin- 
ized syringe and kept on ice until it is analyzed. A pH less than 
7.0 or less than 0.15 pH unit below the arterial pH in a patient 
with parapneumonic effusion may indicate that the patient is 
at risk for prolonged effusion and subsequent lung entrap¬ 
ment. This has not been extensively studied in children. 2,3,5 


PNEUMOTHORAX 

Air in the pleural space is called a pneumothorax. 1114 It 
is termed a tension pneumothorax if the volume of intrapleu¬ 
ral air increases with each breath, subsequently pushing 
the heart and mediastinal structures into the opposite 
hemithorax. This is generally a life-threatening situation 
unless the tension is relieved. The patient with a tension 
pneumothorax will subsequently go into shock from de- 
creased venous return to the heart and from compromised 
cardiac output caused by the shift of the mediastinum. 2,12 
Sometimes the pleural air is not under tension and causes 
only minimal or moderate respiratory distress. A small 
percentage of patients with a pneumothorax are asymp- 
tomatic or have only mild and vague symptoms; however, 
it is much more common for chest pain and shortness of 
breath to accompany the pneumothorax. 12 On examina- 
tion, breath sounds will have decreased intensity on the 
affected side and the percussion note will be hyperreso- 
nant. With a mediastinal shift, the location of the heart’s 
point of maximal impulse may change and the patient is 
usually cyanotic with severe respiratory distress. Air under 
the skin is called subcutaneous emphysema, which usually 
indicates a pneumothorax or pneumomediastinum. 2, 11,12 

A pneumothorax has a characteristic radiographic ap- 
pearance (Figures 32-4 and 32-5). Lung markings are lost 
toward the peripheral chest wall, with evidence of a col- 
lapse of the underlying lung. In diseases in which the lung 
is stiff from underlying disease, such as respiratory distress 
syndrome of the newborn or cystic fibrosis, the lung may 
stay partly expanded (see Figures 32-4 and 32-5). The 
pneumothorax is spontaneous if no trauma or procedural 
intervention preceded its occurrence. A primary spontaneous 
pneumothorax occurs in patients without known underly¬ 
ing lung disease, and a secondary spontaneous pneumotho¬ 
rax occurs in patients with known lung disease (such as 
cystic fibrosis). 1114 The common causes of pneumothorax 
in neonates and children are listed in Boxes 32-5 and 32-6. 



FIGURE 32-4 Chest radiograph from an extremely premature 
infant who has a right-sided pneumothorax ( arrows ) that persists 
despite two chest tubes ( asterisks ). The lung stays partially 
expanded because it has poor compliance (i.e., it is too stiff to 
collapse completely). The outline of the visceral pleura and lung 
is clearly seen due to air in the pleural space. An endotracheal 
tube and umbilical venous catheter are also present. 
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FIGURE 32-5 Chest radiograph ofa 5-year-old boy with a right- 
sided pneumothorax caused by necrotizing pneumonia. There is a 
large volume of free air in the right pleural space ( arrow ) and 
the right lung is deflated and collapsed (asterisk). The right hemi- 
diaphragm is flattened and the pneumothorax can be seen extend- 
ing into the left chest. A chest tube has not yet been inserted. 


Other air leaks that may be associated with pneumothorax 
are listed in Box 32-7. 

Treatment of the pneumothorax depends on whether it 
is under tension.- 12 ' 14 The tension pneumothorax is an 
emergency and should be relieved as soon as possible. The 
pleural space is drained by thoracentesis with a large-bore 


Conditions Associated with Air 
Leakage in Pneumothorax 

• Interstitial emphysema 

• Pneumomediastinum 

• Pneumopericardium 

• Pneumoperitoneum 

• Subcutaneous emphysema 


needle while awaiting more definitive therapy (see the next 
section). Some small pneumothoraces in patients with 
chronic lung disease (e.g., cystic fibrosis) might only be 
observed if there is no clinical deterioration. If the patient 
is stable, noninvasive therapy with 100% oxygen may be 
given a brief trial before a more definitive therapy is con- 
sidered. In rare cases it may be appropriate to withdraw the 
air by thoracentesis, similar to removing pleural fluid but 
without resorting to thoracostomy tube drainage. 12-14 

THORACOSTOMY DRAINAGE 

Tube thoracostomy drainage, or chest tube drainage, is the 
placement of a tube in the pleural space to drain air or fluid, 
or both, out of the pleural space. Chest tubes are routinely 
placed after many thoracic surgeries to ensure appropriate 
drainage of air, fluid, or biood. 1 3,16 A chest tube is usually 
placed to drain an empyema in adults, and they are often 
placed to drain empyemas in children as well. 6,8 The decision 
to place a chest tube for drainage of a pleural effusion is 
based on the patient’s clinical status and whether the physi- 
cian thinks that the respiratory system is compromised by 
the presence of the pleural fluid. Tension pneumothoraces 
almost always require chest tube drainage. 

The insertion of a chest tube outside the operating 
room is generally done in an intensive care unit or in a 
specialized treatment area because of the seriousness of 
the underlying illness and the risk of complication. Seda- 
tion or anesthesia is usually needed, so a person skilied in 
providing these services (such as an anesthesiologist) is 
usually present during the procedure. The complications 
of chest tube insertion are similar to those of thoracentesis 
and may occur more commonly in small premature in¬ 
fants. 2 Some patients require more than one chest tube per 
side, especially if the pleural fluid is very viscous or locu- 
lated or if a pneumothorax persists. 1, 

Once the chest tube is in the appropriate intrapleural loca¬ 
tion, the end is connected to commercially available devices 
that provide both a water seal and a collection chamber, the 
basic principles of which are demonstrated in Figure 32-6. 
There is a port for wall suction so that continuous negative 
pressure can be provided to the pleural space to help evacuate 
its contents. The level of water in the suction control chamber 
determines the amount of negative pressure applied to the 
pleural space. Bubbling in the water seal chamber indicates 
ongoing air leaks, which are usually from the pleural space. 13,16 


Box 32-5 


Causes of Pneumothorax in 
Neonates 


Respiratory distress syndrome (hyaline membrane 
disease) 

Meconium aspiration 
Barotrauma 
Spontaneous onset 
First breath 

Congenital anomaly (cystic pulmonary adenomatoid 
malformation) 

Congenital diaphragmatic hernia 
Pulmonary hypoplasia 

Congenital lobar overdistention or emphysema 
latrogenic 


Box 32-6 


Causes of Pneumothorax in Children 


Chronic obstructive lung disease 
Cystic fibrosis 

Bronchopulmonary dysplasia 

Asthma 

Trauma 

Surgery 

Foreign body with ball-valve effect 

Tumor 

Infection 

Pneumatocele 

Barotrauma 

Spontaneous onset 

Congenital anomaly 

Bronchogenic cyst 

latrogenic 


Box 32-7 
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FIGURE 32-6 Chest radiograph ofa 8-year-old asthmatic taken 
during an acute exacerbation. There is extensive mediastinal air 
evident around his heart and tracking upwards into his neck and 
supraclavicular soft tissues (arrows). 


Modern pleural collection systems contain all three compo- 
nents in a single system that may not have liquid in the “suc- 
tion control chamber” or in the “water seal chamber” (dry 
system). The interested student can learn more about chest 
tubes and pleural collection systems by watching the excel¬ 
lent animated video at the following site: www.youtube.com/ 
watch?v=x_14I9ANZG8. 

The respiratory care practitioner should be familiar 
with the features of the chest tube collection equipment 
commonly used in his or her institution to help monitor 
ongoing air leak and to ensure patient safety. While caring 
for the patient, the practitioner must not disrupt the chest 
tube and its attachments. A change in the patient’s clinical 
status during evaluation by the respiratory care practi¬ 
tioner may indicate either a new problem with the lung or 
a malfunction of the chest tube system, which demands 
immediate evaluation. The practitioner should also antici- 
pate patient discomfort at the site of the chest tube while 
manipulating the patient or surrounding equipment dur¬ 
ing chest physical therapy or ventilator tubing changes. 16 

The bronchopleural fistuld presents a difficult manage¬ 
ment problem. When the integrity of the lung is not rees- 
tablished after an air leak or injury, a large portion of the 
volume of inspired gases may pass directly through the air 
leak, thus bypassing the gas-exchanging units of the lung. 
This can cause hypoventilation in the affected lung and a 
very large air leak through the chest tube. The broncho¬ 
pleural fistula may be so severe that hypoventilation oc- 
curs despite increasing mechanical ventilatory support 
and the presence of several chest tubes. 1 Spontaneous 
healing of a bronchopleural fistula may take several days 
or even weeks. Surgical intervention may be required to 
oversew the air leak. In the interim, every attempt is made 
to reexpand the affected lung and minimize the interfer- 
ence with ventilation. In extreme cases, independent lung 
ventilation may be required or special valves inserted be- 
tween the chest tube and wall suction to occlude the chest 
tube drainage intermittently during the inspiratory cycle 


of the mechanical ventilator. 11 Special glues and patches 
have been used to seal the bronchopleural fistula. 1 ' 

PNEUMOMEDIASTINUM 

When air leaks into the mediastinum rather than the pleural 
space is it called a pneumomediastinum 12,18 (Figure 32-7). 
The patient usually experiences chest, back, or neck pain 
and, if the pneumomediastinum is large, shortness of breath. 
The most common finding on examination is subcutaneous 
emphysema (crepitus). Pneumomediastinum is caused by a 
high-pressure Valsalva maneuver such as occurs during vio- 
lent coughing or lifting heavy objects. They occur most com¬ 
monly in patients with underlying asthma. Other causes of 
air in the mediastinum include esophageal injury or infec- 
tion in the mediastinum. 12,18,19 The chest radiograph (see 
Figure 32-7) demonstrates air in the mediastinum, which 
often tracks upward into the neck. Intervention is seldom 
needed but treatment of any underlying predisposing condi- 
tion (such as asthma) should be offered. 

SURGERY IN THE PLEURAL 
SPACE 

The indications for surgery in the pleural space in pediatric 
patients with empyema are less well established than in 
adults. 19,20 Basic infectious disease tenets State that pus in a 
closed space should be drained. This is the basis for recom- 
mending closed-tube thoracostomy drainage for an empyema. 
The failure to drain the empyema adequately risks the devel- 
opment of a trapped lung, which subsequently may require 
pleural decortication. 19 In children treatment with appropri- 
ate antibiotic therapy usually avoids the need for subsequent 
decortication. 6,8,19 The child with an empyema who has had a 
slow clinical response to broad-spectrum intravenous antibi- 
otics may benefit from a surgical procedure to evacuate the 
purulent material and consider a pleural decortication. 1 The 
use of fibrinolytics is an alternative option for children with 
slowly improving empyema despite chest tube drainage. 7,9 

No clear consensus exists on the most appropriate man¬ 
agement of the difficult problem of surgery in the pleural 
space, so each patient should receive the benefit of an indi- 
vidualized multidisciplinary therapeutic plan with flexibility 
to change depending on therapeutic success or failure. 19,20 

If a chest tube placed to drain an empyema stops function- 
ing, often the empyema fluid is loculated and the chest tube 
is in the wrong place. Repositioning the chest tube or adding 
another may allow better drainage. Injecting fibrinolytics 
(urokinase, dornase alpha, or tissue plasminogen activator) 
into the pleural cavity may facilitate drainage by liquefying 
the organizing empyema and dissolving the fibrin septations 
that are causing loculation of fluid. 6,7,9 

Thoracoscopy is the direct visualization of the pleural 
space through either rigid or flexible surgical equipment. 211 
This technique has had increasing utilization for a variety 
of pediatric pulmonary problems since the initial use 
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FIGURE 32-7 Example of the three-bottle system for thoracostomy drainage. Most current systems 
include all three components in a single plastic container rather than three separate bottles. Not all 
systems include the three components, and occasionally two components are combined (collection 
chamber and water seal chamber). 


nearly 40 years ago. 20 Video-assisted thorascopic surgery 
technology is now commonly used for the following 20 : 
Biopsy in patients with diffuse lung disease 
Evaluation and biopsy of mediastinal masses 
Diagnosis and management of pleural disease 
Treatment of spontaneous pneumothorax 
Intrathoracic resections 
Evacuation of empyema fluid 

In larger children, some surgical interventions are possible 
through the thoracoscope. 20 The major advantage of this ap¬ 
proach is the avoidance of a thoracotomy, resulting in less 
postoperative pain and a shorter recovery period. Because the 
surgeon inserts a video camera into the pleural space to allow 
visualization of the surgical held, the procedure is called 
video-assisted thoracoscopic surgery (VATS). 

The current size limitations of the equipment may limit 
the usefulness of thoracoscopy in premature infants and 
neonates, and some have recommended that it not be used 
in children less than 6 months of age or in those who weigh 
less than 8 kg. 20 General anesthesia is required, and unilat¬ 
eral lung ventilation must be used. This may be accom- 
plished by using a double-lumen endotracheal tube in larger 
patients (adolescents) or by performing mainstem intuba- 
tion or bronchial blocking with a balloon catheter in the 
smaller child. 20 However, some children younger than 4 years 
of age cannot tolerate unilateral ventilation and become 


hypoxic because of their relatively limited respiratory reserve. 
Pneumothorax, infection, and bleeding are the most often 
reported complications, although complications often de- 
pend on the patienfs preoperative condition 20 

Surgical intervention is seldom needed for persistent 
pneumothorax or bronchopleural fistula in children. Borrow- 
ing from the experience with malignant pleural effusions, 
Chemical pleurodesis has been attempted in children who have 
persistent pneumothorax or recurrent pneumothorax due to 
cystic fibrosis. 2 1,22 This procedure uses agents such as tetracy- 
cline or tale to produce a pleural abrasion that results in the 
adhesion of pleural surfaces. There has been no clear consen- 
sus as to whether surgical intervention or Chemical pleurode¬ 
sis is the most appropriate approach to this problem, and 
both may be performed in some patients 21,22 An individual- 
ized patient management plan should be offered, with flexi- 
bility to consider alternative options if the initial plan is 
unsuccessful. The use of Chemical or surgical pleurodesis may 
complicate or prohibit consideration of subsequent lung 
transplantation. 

The respiratory therapist should be aware of the variety of 
pleural space diseases that might compromise the patient’s 
respiratory funetion. Familiarity with these diseases will help 
the practitioner understand the reason for the patient’s dete- 
rioration or improvement and will contribute to the health 
care team’s management of these problems. 
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SECTION IV • Neonatal and Pediatric Disorders: Presentation, Diagnosis, and Treatment 


CASE STUDY 1 


A premature infant born at 24 weeks of gestation suffers 
immediate respiratory distress in the delivery room. She is 
intubated and given endotracheal surfactant replacement 
immediately. Despite the surfactant therapy and mechanical 
| ventilation, she continues to have respiratory distress. Her 
chest radiograph demonstrates air in the right pleural space 
that persisted despite placement of two chest tubes (see 
Figure 32-4). The persisting air leak into the pleural space is 
likely from either tracheal trauma from intubation or pleural 
disruption from chest tube insertion in addition to hyaline 
membrane disease (respiratory distress syndrome) and 
mechanical ventilation. 

Because her air leak has persisted despite chest tube 
placement, the next most appropriate intervention is: 

A. Chest CT scan 

B. Rigid bronchoscopy 

C. Alteplase instilled in the pleural space 

D. Pneumonectomy 

E. Chest tube replacement 


See Evolve Resources for answers. 


CASE STUDY 2 


A 7-year-old giri complains of cough, right-sided chest pain, 
and fever. She has previously been well. Examination by her 
pediatrician reveals inspiratory crackles over the right lower 
lobe, so amoxicillin is prescribed for presumed bacterial pneu¬ 
monia. Two days later her fever has persisted and she is increas- 
ingly short of breath. A chest radiograph (see Figure 32-1 ) 
demonstrates a right lower lobe infiItrate with right-sided pleu¬ 
ral efifusion. The right-side-down lateral decubitus radiograph 
(see Figure 32-2) confirms the effusion. Video-assisted thora- 
coscopic surgery (VATS) is performed to sample the pleural 
effusion and place a chest tube for drainage. Analysis of the 
pleural fluid reveals a white biood cell count of 22,000 per 
■ cubic mm with 96% segemented neutrophils. The total protein 
is 5.4 mg/dl and the lactate dehydrogenase (LDH) is 425 IU. 
Although the Gram stain and culture of the fluid is negative, a 
biood culture is positive fo r Streptococcus pneumoniae. In addition 
to chest tube drainage she is treated with intravenous amoxicil¬ 
lin. After 3 days the chest tube is removed and she completes a 
i 10-day course of intravenous amoxicillin followed by 7 days of 
oral amoxicillin. She makes a full recovery and her chest radio¬ 
graph returns to normal. 

The most appropriate label forthis patient’s pleural fluid is: 

A. Empyema 

B. Chylothorax 

C. Hemithorax 

D. Transudative effusion 


See Evolve Resources for answers. 


| KEY POINTS 

• The pleural space is normally only a potential space 
that has a small amount of fluid and no air. The pleura 
facilitates movement between the lung and chest wall 
during respiration. 

• When air accumulates in the pleural space (a pneumo- 
thorax), it usually requires drainage. 

• When fluid accumulates in the pleural space (a pleural 
effusion), the cause of the fluid accumulation should 
be sought. 

• Treatment of air or fluid in the pleural space often 
requires drainage by a chest tube, especially if the 
fluid is an empyema. 

• If surgery is required in the pleural space, it is often 
achieved by video-assisted thoracoscopic surgery 
(VATS). 


j ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. Which of the following statements regarding the pleural 
space in a normal child is true? 

A. There is usually no fluid in the pleural space. 

B. There is normally a small amount of free air in the 
pleural space that can be seen only on a decubitus 
chest radiograph. 

C. There is a small amount of fluid in the pleural 
space that represents a balance of the fluid flux 
between the parietal and visceral pleura. 

D. The parietal pleura is thick and leathery to prevent 
penetration by sharp objects. 

2. What is the most common cause of pneumothorax 
in the small premature infant with respiratory distress 
syndrome (hyaline membrane disease)? 

A. Neonatal pneumonia 

B. Barotrauma from mechanical ventilation and 
poorly compliant lungs 

C. Complication from subclavian intravenous line 
placement 

D. Meconium aspiration 

3. The lung disease that is most commonly associated 
with spontaneous pneumothorax in adolescents is: 

A. Langerhans cell histiocytosis (eosinophilic 
granuloma) 

B. Pulmonary alveolar proteinosis 

C. Congenital tracheoesophageal fistula 

D. Cystic fibrosis 

4. Which of the following pleural fluid measurements 
indicates the fluid is an exudate rather than a 
transudate? 

A. Total protein = 5.0 g/dl 

B. Lactate dehydrogenase (LDH) = 120 IU/L 

C. White biood cell count (WBC) = 860 cells/mm 

D. pH 7.30 
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5. When assessing the function ofa chest tube draining 
air from the pleural space of a pediatric patient, which 
of the following suggests an ongoing intrapleural air 
leak? 

A. Bubbling in the water seal chamber 

B. Fluid in the collection chamber 

C. Fluctuating fluid in the chest tube 

D. Bubbling in the suction control chamber 

6. Which of the following organisms most commonly 
causes empyema in toddlers and school age children? 

A. Mycobacterium tuberculosis 

B. Adenovirus 

C. Streptococats pneumoniae 

D. Aspergillus fumigatus 

7. Which of the following characteristics determines 
that the pleural fluid is an empyema? 

A. Appearance of thin, amber-colored fluid 

B. WBC count greater than 1 5,000 cells/mm 

C. pH equal to 7.32 

D. Lactic dehyrogenase of 150 U/dl 

8. Which of the following statements about video- 
assisted thoracoscopic surgery (VATS) in the 
management of empyema is true? 

A. VATS often hastens the resolution of empyema 
compared with chest tube drainage alone. 

B. VATS requires the same skili level and equipment 
as standard chest tube insertion. 

C. VATS has been shown to be superior to the instil- 
lation of fibrinolytic agents (e.g., urokinase, 
streptokinase, or tissue plasminogen activator) 

in the management of pediatric empyema. 

D. VATS should be performed early in the evaluation 
and management of pleural effusion regardless of 
whether or not the fluid is a transudate, an exudate, 
or an empyema. 

9. Which congenital anomaly is commonly associated 
with a pneumothorax in a neonate? 

A. Congenital diaphragmatic hernia 

B. Pulmonary sequestration 

C. Unilateral absence of the pulmonary artery 

D. Esophageal atresia 
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Although there are many congenital and acquired neu¬ 
romuscular conditions that present in childhood, the 
uniting feature of all these disorders is their effect on the 
respiratory system. The primary cause of morbidity and 
mortality for children with neuromuscular disease is respi¬ 
ratory compromise. 1 As such, health care providers should 
have a comprehensive understanding of the physiology of 
normal breathing, its derangements in neuromuscular 
disorders, the evaluation of patients with weakness, and 
specific aspects of their care. 

NEUROMUSCULAR CONTROL 
OF RESPIRATION 

Advances over the previous century provided detailed un¬ 
derstanding of the control of respiration and the various 
components involved in breathing, but there remain 
significant gaps in our comprehension of the overall 
system. 2,3 The presence of a “neuromuscular respiratory 
system” was first recognized by the second-century anato¬ 
mist and physician Galen. 4 Central and reflex control of 
breathing has been subsequently described by investiga- 
tors, including Hering, Breuer, and Head, with significant 
contributions in the early twentieth century by Haldane 
and Priestley on the role of carbon dioxide in Chemical re¬ 
spiratory control. ’ This chapter focuses on the present 
State of understanding of the neuromuscular control of 
respiration. 

Central Nervous System 

The respiratory system brings oxygen into the body to fuel 
energy production and removes carbon dioxide, a meta- 
bolic waste product. Central nervous system (CNS) control 
occurs in the cerebral cortex, which supports voluntary 
breathing actions, and incorporates input from the brain- 
stem, which is involved with automatic breathing actions. 3,6 
CNS signals are transmitted to the anterior horn cells of 
the spinal cord and then to the motor neurons that supply 
the respiratory muscles. Separate pathways in the spinal 
cord support both voluntary (corticospinal) and involun- 
tary (redculospinal) ventilation and transmit signals 
through descending pathways to motor neurons in the 
cervicothoracic portion of the spinal cord. These motor 
neurons transmit signals through peripheral nerves and 
across the neuromuscular junction to the muscles of respi¬ 
ration. Dysfunction in any part of this control system, from 
brainstem to respiratory muscles, can result in respiratory 
failure. 

Peripheral Nervous System 

Each lower motor neuron arises from the cell body in the 
spinal cord (anterior horn cell) to supply the respiratory 
muscles. The efferent nerves extend to the diaphragm and 
intercostal muscles and to the accessory muscles of the 
neck. The diaphragm is supplied by the phrenic nerve, the 
intercostal muscles by the intercostal nerves, the accessory 


muscles of the neck from the cervical plexus, and the 
abdominal muscles from the lumbar nerve roots. 3,8 

The nerves divide into branches when reaching the 
muscle fiber and apply themselves to the muscle mem- 
brane at the motor endplates. At these junctions, the 
Chemical transmitter acetylcholine is released to depolar- 
ize the muscle membrane and causes intracellular calcium 
release, which in turn serves to initiate contraction of the 
muscle fiber. 9 

Respiratory Muscles 

The muscles of respiration are divided into three groups: 
inspiratory muscles, expiratory muscles, and accessory 
muscles. Although not formally classified as accessory 
muscles of respiration, the muscles of the upper airway are 
also important in maintaining airway patency and may 
lose function with certain neuromuscular disorders. 

The main inspiratory muscle is the diaphragm, which 
contributes almost three quarters of the inspiratory capac- 
ity. Cervical nerves 3 to S contribute to form the phrenic 
nerve, which drives the diaphragm. Additional inspiratory 
force is provided by the external intercostal muscles, which 
contract to expand the rib cage during inspiration. The 
innervation of the intercostal muscles is via the intercostal 
nerves, which come ofif the thoracic spinal nerve roots. 

The expiratory muscles include the internal intercostals, 
which help to reduce the thoracic volume, as well as the ac¬ 
cessory abdominal muscles. These include the internal and 
external obliques and the transversus abdominus, which 
contract to displace the diaphragm into the thoracic cavity, 
and the rectus abdominus, which also contributes to in- 
creasing pleural pressure during exhalation. 

The accessory muscles of respiration include the sterno- 
cleidomastoid, scalenes, trapezii, latissimus dorsi, and pla- 
tysma and pectoralis groups. These groups are active 
predominantly with increased respiratory work, such as 
exercise, or loss of functional residual capacity, which 
occurs with infection or neuromuscular weakness. By 
contributing to rib cage expansion, these muscles support 
inspiration during active ventilation, although function 
during quiet breathing also exists. 3,6 

Respiratory Control System 

Respiratory control is divided into both voluntary and 
metabolic control systems. Voluntary control originates in 
the cerebral cortex and is mediated by tracts in the dorso- 
lateral spinal cord; voluntary control regulates ventilation 
affected by sleep, pain, or anxiety. Metabolic control, medi¬ 
ated by the ventrolateral pathways, incorporates inputs 
from central chemoreceptors within the medulla. Periph¬ 
eral receptors in the carotid and aortic bodies respond to 
fluctuations in arterial oxygen pressure (Pao 2 ), arterial 
carbon dioxide pressure (Paco 2 ), and pH. These various 
receptors operate via feedback loops that help to con¬ 
tribute to respiratory drive and regulate the ventilatory 
pattern in most normal physiological States. 3 
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In addition, mechanical receptors in the lung and air- 
ways provide feedback to the respiratory centers as well as 
stimulate spinal reflexes that further regulate the breath- 
ing pattern. Examples of mechanical receptor control 
include the Hering-Breuer reflex, which prevents overinfla¬ 
tion, coughing, bronchoconstriction, and the recruitment 
of accessory muscles during respiratory distress. Related 
mechanical receptors in the upper airway also induce 
coughing, glottic closure, vagal stimulation, and singultus 
(hiccups). 

Bulbar Muscles 

The bulbar muscles are not related to ventilation but are 
important in protecting the airway and secretion clear- 
ance. The bulbar muscles are enervated by the motor neu¬ 
rons emanating from the brainstem. This muscle group 
Controls the epiglottis and other glottic structures, tongue, 
mouth, larynx, and throat. Bulbar muscle weakness im- 
pairs swallowing, coughing, speech, and other throat and 
pharyngeal activities. Bulbar muscle weakness also leads to 
severe fixed and variable extrathoracic upper airway ob¬ 
struction on forced inspiratory and expiratory respiratory 
efforts. Examples of forced respiratory efforts include 
coughing, sneezing, respiratory distress, and pulmonary 
function testing. 

NEUROMUSCULAR DISEASES 
THAT AFFECT THE RESPIRATORY 
SYSTEM 

Neuromuscular disease is a broad term that encom- 
passes many diseases that affect muscle function either 
directly, via muscle pathology, or indirectly, via nerve 
pathology. The diseases themselves are associated with 
a diverse range of muscle impairment from increased 
muscle tone with rigidity and spasticity to muscle weak¬ 
ness and flaccidity. This chapter covers primarily those 
affecting infants and children with muscle weakness or 
paralysis, because these conditions affect the respiratory 
system by impairing ventilation and airway clearance. 

Central Nervous System 

Conditions in the CNS that affect respiration include 
either those that affect the brainstem respiratory centers 
or the pathways connecting these centers to the motor 
neurons in the spinal cord. 

Disorders o f the Brain 

One of the best examples of a CNS disorder that affects 
breathing is congenital central hypoventilation syndrome 
(CCHS). Also known as “Ondine’s curse,” this represents a 
condition of hypoventilation associated with sleep. The 
name refers to the mythical character Ondine, who after 
professing his love “with every waking breath” was cursed by 
the water nymph he betrayed to stop breathing on falling 
asleep. 10 Although almost all cases of CCHS are congenital, 


affecting approximately 1 in 200,000 live births, it can 
also be acquired through spinal cord or other central 
nervous system injury. 10 CCHS, manifested by nocturnal 
hypoventilation and respiratory arrest, is diagnosed by 
polysomnography and treated with lifetime nocturnal me¬ 
chanical ventilation or phrenic nerve pacing. 10,11 


CASE STUDY 1 


You are called to evaluate an otherwise healthy full-term 
neonate in the newborn nursery who appears to turn blue 
when sleeping. What steps would you take in evaluating this 
patient for a neuromuscular disease? 


See Evolve Resources for dnswers. 

Other cranial conditions affecting respiration in in¬ 
fants and children include congenital disorders such as 
hydrocephalus and anencephaly, along with genetic neuro- 
degenerative disorders such as Tay-Sachs disease and 
Friedreich’s ataxia. 3,12,13 Acquired CNS disorders include 
neoplasms, infarction, hemorrhage, and anoxic injury.-’ All 
these conditions are associated with multiple organ sys¬ 
tem symptomatology, resulting from diffuse neurological 
injury and loss of autonomic control. Respiratory symp¬ 
toms of these conditions include changes in respiratory 
drive or pattern, respiratory and upper airway muscle 
weakness with loss of airway clearance ability, and chronic 
aspiration. 

Disorders Affecting the Spinal Cord 

Trauma. Almost 11,000 Americans sustain a spinal 
cord injury every year, costing an approximated 9.7 billion 
dollars in health care expenditure. 14 The spinal cord nerve 
roots that control diaphragm function exit the spine at 
the level of the cervical vertebrae. 8,15 Spinal cord injury 
above cervical vertebra 3 will require tracheostomy and 
mechanical ventilation or phrenic nerve pacing. 16 Spinal 
cord injuries between vertebrae 3 and 5 will have variable 
amounts of respiratory impairment, and those below the 
fifth vertebra almost always allow independent breathing. 3 
However, the abdominal and intercostal rib muscles in- 
volved in cough function exit the spinal cord lower in the 
thoracic spine. 15 Therefore, lower spine injuries may per- 
mit spontaneous respiration but have significant impact 
on airway clearance mechanisms. 

Chiari Malformations. Chiari malformations are con¬ 
genital malformations characterized by a small or mis¬ 
shapen skull, causing the cerebellum to protrude through 
the bottom of the skull into the spinal canal. Under these 
circumstances, the brainstem, spinal cord, cranial nerves, 
or the cerebellum may be stretched or compressed. In ad¬ 
dition, the flow of cerebrospinal fluid around the brain 
and spinal cord can be obstructed, causing hydrocephalus 
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or a cyst to form within the spinal cord, known as syringo- 
myelia. 17 Estimates indicate that between 0.5% and 1% of 
live births in the United States may be affected by a Chiari 
malformation. 1 ' Symptoms of Chiari malformations are 
variable and related to the affected areas. Many patients 
with Chiari malformations report no symptoms, but those 
who do complain of headaches, dizziness, vision changes, 
muscle weakness, or balance problems. 18 Younger children 
may present with difficulty swallowing, choking, irregular 
breathing patterns, or apnea. 17 Chiari malformations can 
be easily diagnosed by magnetic resonance imaging scan 
and are treated by surgical decompression. 

Other Conditions. Less common causes of spinal 
cord impairment include spinal tumors, infections, and 
birth injury. Spinal tumors either originate locally in the 
CNS or are metastatic. Meningiomas are primary CNS 
tumors that develop from the meninges, the membrane 
that surrounds the brain and spinal cord. They are rare in 
children, with pediatric cases accounting for only 1.5% of 
all cases. 17 Metastatic spinal tumors are also rare in chil¬ 
dren but may be seen with invasive lymphomas and have 
been reported in other childhood cancers. 20 Central ner- 
vous system infections, such as epidural abscesses, can 
have both local inflammatory and mass effect on the spi¬ 
nal cord, causing neuromuscular symptoms to develop. 
Finally, spinal cord injury may be a rare complication of 
the birthing process. In this situation, traction applied to 
the infant’s head while assisting delivery may result in ner- 
vous system trauma. These injuries include cervical spinal 
cord hematomas as well as direct nerve and nerve root 
stretch injury. 

Peripheral Nervous System 
Disorders of the Motor Nerves 

Acute paralytic poliomyelitis was once the most common 
neuronopathy in the United States. 21 However, massive 
immunization campaigns have been effectively instituted 
and all but eliminated community-acquired poliovirus 
infections in the United States. As a result, the spinal mus- 
cular atrophies are now the most common cause of degen¬ 
erative nerve cell disease in children. 

Spinal Muscular Atrophy. The spinal muscular at¬ 
rophies (SMAs) include a number of different disorders 
that clinically manifest as muscle weakness as a result of 
progressive destruction of the motor neurons of the spinal 
cord and brainstem 22,23 The SMAs are hereditary disorders 
transmitted by autosomal recessive inheritance, with three 
recognized forms categorized by severity and age of on- 
set. 22,23 All types are caused by defects at the same site on 
chromosome 5, and the overlap in clinical features is con- 
siderable. 24 ' 26 SMA type I, also called Werdnig-Hoffmann 
disease, is the acute infantile form, which usually presents 
within the first 6 months of life. 2 In these children, limb 
weakness develops rapidly, whereas the facial muscles 
are slower to fail and the extraocular muscles are essen- 
tially spared. The result is a child who appears alert and 


responsive but cannot move. The respiratory effects of 
SMA type I include weakness of the bulbar, abdominal, 
and intercostal muscles, which makes feeding difficult and 
leads to aspiration and a weak, ineffective cough. A weak 
cough results in recurrent pneumonias and poor airway 
clearance. Even relatively minor viral infections result in 
severe airway and ventilator compromise. Without inter¬ 
vention, most infants will die of respiratory insufficiency 
and infection before reaching 1 year of age. 26 

SMA type II, the chronic childhood form, has a later 
onset and often more insidious course. 2 Some affected 
children may be able to sit unsupported, but usually 
proximal muscle weakness prevents these children from 
standing or walking independently and leads to scoliosis; 
these children eventually become wheelchair dependent. 28 
The course of SMA type II is unpredictable; long intervals 
without progression of weakness are expected and survival 
into adulthood is common. 29 SMA type III (Kugelberg- 
Welander disease) is the mildest form; affected patients are 
able to stand and walk independently and have much 
slower progression of muscle weakness compared with the 
other two forms. 27 

Poliomyelitis. Poliomyelitis is an infection caused by 
the polio virus and was one of the most dreaded child¬ 
hood diseases of the twentieth century in the United 
States. 21 The vast majority of infected individuals are as- 
ymptomatic or experience only mild, nonspecific viral 
symptoms. However, in a small proportion of patients, the 
virus enters the central nervous system, where it infects 
and destroys motor neurons in the spinal cord, leading to 
muscle wasting and weakness. 30 Most commonly, this 
causes a self-limited case of nonparalytic viral meningitis, 
but in a small proportion of patients the infection causes 
permanent wasting and paralysis. Depending on the site of 
paralysis, paralytic polio is classified as spinal, affecting 
the nerves of the trunk and extremities; bulbar, affecting 
the nerves that control breathing, speaking, and swallow¬ 
ing; or bulbospinal, representing a combination of these 
two forms. 3 " Bulbospinal polio is particularly problematic 
because it affects the nerves in the cervical spine region 
that control diaphragm function. Destruction of these 
nerves makes independent respiration, swallowing, and 
effective coughing impossible. Lifelong ventilator support 
and airway clearance is essential for the survival of these 
patients. 

Guillain-Barré Syndrome. Guillain-Barré syndrome 
(GBS), or acute inflammatory demyelinating polyradiculo- 
neuropathy, is an acute, autoimmune process that affects 
the peripheral nervous system. Guillain-Barré syndrome is 
not hereditary, affects persons of all ages, and has an ap- 
proximate population incidence that ranges from 1 to 3 per 
100,000 population.’ 1,32 Although its cause is not com- 
pletely understood, GBS is probably triggered by an acute 
infectious process, which leads to antibody-mediated de¬ 
struction of the myelin sheaths that coat peripheral nerves." 3 
This demyelination leads to nerve conduction block, which 
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causes weakness and often sensory and autonomic changes 
as well. 34 Guillain-Barré syndrome usually presents as an 
ascending weakness or paralysis that starts in the legs and 
spreads to the upper limbs and the face. The weakness is 
often preceded by sensory symptoms such as “pins and 
needles” and muscle tenderness, followed by a complete loss 
of deep tendon reflexes. 33 Patients often experience rapid 
progression of symptoms; more than three quarters of pa¬ 
tients reach a nadir in strength within 3 weeks of symptom 
onset. 33 Autonomic dysfunction, characterized by arrhyth- 
mias, biood pressure lability, and gastrointestinal dysfunc¬ 
tion, may also be present. 35 Respiratory paralysis occurs in 
roughly 14% to 18% of children with GBS, and approxi- 
mately 20% of all patients with GBS require intensive care 
during the acute phase of illness. 32,33 Treatment is mainly 
supportive, although corticosteroids, plasmapheresis, and 
intravenous immunoglobulin have all been used with vari¬ 
able success. 32,36 Although plasmapheresis is considered the 
treatment of choice in adults, certain technical factors may 
limit its usefulness in children. Careful monitoring of pa¬ 
tients’ respiratory status, accompanied by intubation and 
mechanical ventilation when required, constitutes the 
mainstay of acute supportive care. If the child is well 
ventilated during the critical time of profound paralysis, 
complete recovery can be expected.’ 1 Most children fully 
recover within 6 months, and fewer than 10% have symptom 

31 34 

recurrence. ’ 

Disorders o f the Neuromuscular 
Junction 

Infantile Botulism. Human botulism results from 
eating food contaminated with the organism Clostridium 
botulinum or the toxin it produces.” The clinical Spectrum 
of infantile botulism ranges from asymptomatic carrier 
States, mild hypotonia, and failure to thrive to severe with 
progressive, life-threatening paralysis or sudden death. 38 
Most infants experience a prodromal syndrome of consti- 
pation and poor feeding, followed by progressive bulbar 
and skeletal muscle weakness and loss of tendon reflexes. 
Typical features on examination include diffuse hypoto¬ 
nia, ptosis, dysphagia, and a weak cry. Respiratory history 
and examination are often notable for respiratory insuffi- 
ciency and apnea. Diagnosis is confirmed by the isolation 
of C. botulinum organisms from the stool. In general, botu¬ 
lism is a self-limited disease lasting 2 to 6 weeks, and even 
with the use of immunoglobulin therapy the infant re- 
quires meticulous supportive respiratory care. In severe 
cases, this support is lifesaving. Recovery is often com¬ 
plete, but relapse can occur in as many as 5% of affected 
infants. 39 

Myasthenia Gravis. Myasthenia gravis is an autoim¬ 
mune disorder characterized by fluctuating muscle weak¬ 
ness and easy fatigability. 40 The pathophysiology of the 
disorder occurs at the neuromuscular junction, where 
circulating antibodies block synaptic receptors, inhibiting 
the effect of neurotransmitter Chemicals, most notably 


acetylcholine; this prevents muscle contraction. 40 The cur- 
rent prevalence of myasthenia gravis in the United States 
is estimated to be about 20 per 100,000 population, 
although frequent misdiagnosis means that the true prev¬ 
alence is likely higher. 41 Juvenile myasthenia describes the 
immune-mediated form of myasthenia gravis that occurs 
in late infancy through adult life. 42 Two forms are recog- 
nized 43 : 

Ocular myasthenia, in which the eye muscles are primarily 
or exclusively affected 

Generalized myasthenia, in which moderate to severe 
weakness occurs in bulbar, limb, trunk, and even respi¬ 
ratory muscles 

The initial features of both the ocular and generalized 
forms are usually ptosis, diplopia, or both. 41 Prepubertal 
onset is associated with a slight male bias and ocular 
symptoms only, whereas postpubertal onset is associated 
with a strong female bias and generalized myasthenia. 44 
Patients with myasthenia gravis often have little chronic 
respiratory compromise and are symptomatic only during 
periods of myasthenia crisis, when symptoms, particularly 
bulbar symptoms, suddenly escalate. During a crisis pa¬ 
tients may have sudden paralysis of the respiratory mus¬ 
cles, temporarily requiring assisted ventilation. Treatment 
also includes using cholinesterase inhibitors to help trans¬ 
mission of acetylcholine and immune suppressants such 
as corticosteroids and cyclosporine. Exchange transfu¬ 
sions and intravenous immunoglobulin therapy rapidly 
restore function but are temporary measures. 41 

Congenital myasthenia a.ndfamilial infantile myasthenia are 
terms used to describe clinical syndromes that are caused 
by several different genetic defects and are generally rare. 
Respiratory insufficiency and feeding difficulty may be 
present at birth or develop during infancy. Usually, ptosis 
and generalized weakness are present at birth. Many af¬ 
fected newborns require mechanical ventilation, but over a 
course of weeks most infants become stronger and no lon¬ 
ger need ventilator support. 4 ” 

A transitory myasthenic syndrome is observed in 10% to 
15% of offspring of myasthenic mothers. The syndrome is 
believed to be caused by the transfer of antibody from the 
myasthenic mother to her normal fetus. Symptoms are 
generally observed within hours of birth. The severity of 
newborn symptoms correlates with the newborn’s anti¬ 
body concentration and not the severity of weakness in the 
mother, which is generally exacerbated during pregnancy. 46 
Difficulty feeding and generalized hypotonia are the major 
clinical features; they are eager to feed, but suckling quickly 
causes fatigue. Respiratory insufficiency is uncommon, 
and weakness becomes progressively worse in the first few 
days of life and then improves. Recovery is complete, and 
transitory neonatal myasthenia does not develop into my¬ 
asthenia later in life. 

Other Conditions Affecting the Neuromuscular 
Junction. In the medical setting, there are a number of 
other causes of incomplete or failed transmission at the 
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neuromuscular junction related to drug exposure. These 
medications include antibiotics, corticosteroids, antirheu- 
matics, lidocaine, lithium, and anesthetic agents. 3 

Myopathies 

Myopathies are diseases of the skeletal musculature caus- 
ing muscle weakness and degeneration. Myopathies are 
caused by inherited genetic defects and by inflammatory, 
endocrinological, and metabolic disorders. 

Duchenne and Becker Muscular 
Dystrophy 

The muscular dystrophies are a group of genetic disorders 
with multisystem symptoms involving the cardiac, respira- 
tory, gastrointestinal, endocrine, and nervous systems. 47 
Although there are more than 100 diseases that have simi- 
larities to muscular dystrophy, the two most common mus¬ 
cular dystrophies that present in childhood are Duchenne 
and Becker muscular dystrophy. 4 ' Duchenne muscular dys¬ 
trophy (DMD) is the most common childhood form of 
muscular dystrophy, occurring in roughly 1 in 3500 live male 
births. 47,48 The male preponderance is related to its inheri- 
tance pattern: DMD is an X-linked genetic disorder, result¬ 
ing in female carriers and affected males. DMD presents in 
early childhood with proximal muscle weakness, which man¬ 
ifests as difficulty in running, climbing stairs, and stand- 
ing. 4/ The muscle weakness is progressive and eventually 
leads to profound skeletal and respiratory muscle weakness 
in all cases. By adolescence, all patients with DMD are wheel- 
chair bound and require assistance with ventilation 47 Becker 
muscular dystrophy is also an X-linked inherited muscular 
dystrophy, with a distribution of muscle wasting and weak¬ 
ness similar to that of DMD 4/ However, Becker muscular 
dystrophy typically has a milder course with symptom onset 
in the second decade or later. 

There is no cure for any of the muscular dystrophies, 
and current therapy is supportive. Treatment goals are to 
maintain function, prevent contractures, and provide 
psychological support for the child and family. Tradi¬ 
tional estimates suggest that up to 90% of patients with 
DMD die of respiratory failure before reaching 20 years 
of age. 49 Muscular dystrophy affects the heart as well, and 
the second leading cause of death in DMD is cardiomy- 
opathy and cardiac failure, or arrhythmia. 48 However, 
aggressive intervention with noninvasive ventilation, air- 
way clearance techniques, and surgical correction of 
spine deformation to improve lung volumes at the onset 
of respiratory symptoms has been demonstrated to sig- 
nificantly reduce morbidity and prolong life for patients 
with muscular dystrophy. 49 

Myotonic Dystrophies 

Myotonic dystrophy is a highly variable inherited disease 
characterized by chronic, slowly progressive muscle wast¬ 
ing and weakness, cataracts, heart conduction defects, 
and endocrine disorders. 50 The muscles most commonly 


affected are the voluntary muscles in the face, neck, and 
lower arms and legs and, in more severe cases, the inter- 
costal muscles and the diaphragm. 30 Myotonic dystrophy 
most commonly presents in adolescence or adulthood, 
but a severe congenital form exists and is associated with 
mental retardation, orthopedic problems, and other de- 
velopmental delays. 50 Affected infants are extremely hypo- 
tonic and may have difficulty feeding. They often require 
ventilatory support, at least temporarily, because of mus¬ 
cle weakness and decreased central ventilatory drive. 50 
Similar to the muscular dystrophies, the overwhelming 
majority of affected children die in infancy. However, sup¬ 
ported ventilation, corrective surgery, and tube feeding 
have all extended the life spån of patients and dramati- 
cally improved quality of life for these children and their 
families. 30 Refer to Chapter 12 for airway clearance tech¬ 
niques related to this patient population. 

Glycogen Storage Diseases 

The glycogen storage diseases are a family of 12 inherited 
errors of metabolism that result in enzyme defects in gly¬ 
cogen synthesis or breakdown. In general, clinical classi- 
fications can be made on the basis of whether affected 
organs include the liver only, or additionally the muscles, 
biood cells, connective tissue, heart, brain, and kidneys. In 
terms of respiratory involvement, glycogen storage disease 
type II (also called Pompe disease or acid maltase defi- 
ciency) has the most severe symptoms. Pompe disease is 
a rare, autosomal recessive disorder occurring in roughly 
1 in 40,000 to 100,000 live births. 31,52 It is caused by a defi- 
ciency in the enzyme a-l,4-glucosidase, which causes gly¬ 
cogen accumulation in cellular lysosomes and leads to 
progressive weakness in all muscles. 3 Like all the congeni¬ 
tal disorders, the severity of symptoms of Pompe disease 
are related to age at onset. Infantile onset is the most se¬ 
vere form and is characterized by the development of 
marked hypotonia, hepatomegaly, and severe cardiomeg- 
aly within several months of birth. Mental development is 
usually normal, although most children die of respiratory 
or cardiac complications before 2 years of age. 3 Late-onset 
Pompe disease occurs in patients with minimal—as op- 
posed to absent—levels of the acid maltase enzyme. 51,52 
Symptoms in these affected individuals present in adoles¬ 
cence or adulthood, tend to progress somewhat more 
slowly, and include primarily weakness of muscles in the 
trunk, lower limbs, and the diaphragm. A small number of 
adult patients live relatively normal lives without major 
limitations. 32 

Electrolyte Abnormalities 

Less common causes of muscle weakness in the outpatient 
setting include electrolyte abnormalities—most commonly 
caused by insufficient dietary intake. Potassium is essen- 
tial for many body functions, including muscle and nerve 
activity. Maintenance of the electrochemical gradient of 
potassium between the intracellular and extracellular 
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space is essential for normal nerve function. Mild hypoka- 
lemia is often asymptomatic; however, moderate hypokale- 
mia may cause diffuse muscular weakness, myalgias, and 
arrhythmias. 54 This is particularly important when at- 
tempting to liberate a patient from mechanical ventilation 
because the respiratory muscles could be in a weakened 
State (atrophy vs. fatigue) and electrolyte abnormalities 
will only add to this impairment. Severe hypokalemia has 
been associated with respiratory depression from severe 
impairment of skeletal muscle function.' 3 Similarly, hypo- 
magnesemia can cause weakness and muscle cramps and 
may contribute to impairments in respiratory muscle 
function. 54 Hypomagnesemia, which can be seen in the 
presence of hypokalemia, hypocalcemia, and hypophos- 
phatemia, should prompt the evaluation of other electro¬ 
lyte disturbances that can further exacerbate these clinical 
symptoms. 56 

RESPIRATORY EVALUATION 
OF CHILDREN WITH 
NEUROMUSCULAR DISEASE 

Pulmonary Function Testing 

Neuromuscular weakness affecting the respiratory system 
initially develops as impaired cough and airway clearance, 
with gradual progression to nocturnal and eventually day- 
time hypoventilation. Monitoring the respiratory status of 
a patient with neuromuscular weakness depends on the 
underlying disease, its rate of progression, and extent of 
involvement. Because most conditions involve weakness of 
the inspiratory and expiratory muscles, pulmonary func¬ 
tion testing including muscle strength assessment is the 
main mode of testing, with polysomnography and nonin- 
vasive measures of hypoventilation as the disease pro- 
gresses in severity. 

The use of pulmonary function tests in diagnosing and 
monitoring the progression of the neuromuscular disease 
has been well established in adults, but pediatric testing 
remains a challenge. Although newer techniques in respi¬ 
ratory muscle strength testing are being introduced, the 
majority of school-age children and adolescents are best 
monitored by standard spirometry with maximal inspira¬ 
tory and expiratory pressure monitoring (Figure 33-1). 57,58 
Additional testing includes assessment of cough flows, 
because it is the main determinant of respiratory compro- 
mise. However, because peak cough flows have been well 
correlated with forced vital capacity (FVC) and forced expi¬ 
ratory volume at 1 second, these tests remain the mainstay 
of pulmonary function testing in this population. 8,59 

Standard spirometry is performed according to the 
standards of the American Thoracic Society (New York, 
NY). Measurements include FVC, forced expiratory vol¬ 
ume at 1 second, and forced inspiratory volume displayed 
primarily as a flow-volume loop. Including forced inspira¬ 
tory volume allows for separate evaluation of extrathoracic 
and upper airway obstruction in children with bulbar 



FIGURE 33-1 Spirometry. The majority of school-age children 
and adolescents are best monitored by standard spirometry with 
maximal inspiratory and expiratory pressure monitoring. In this 
image a mask has been substituted for a mouthpiece because of 
bulbar weakness and inability to use or create a seal around a 
standard mouthpiece. 

weakness. Measuring maximal expiratory pressure and 
maximal inspiratory pressure and, in some instances, 
static mouth pressures allows monitoring of diaphragm 
and other cough-related strength. 60 For patients with 
Duchenne muscular dystrophy, a decline in FVC has been 
demonstrated to be a useful predictor of worsening respi¬ 
ratory muscle weakness and death, so that interventions 
such as pulmonary clinical monitoring, secretion clear¬ 
ance, and ventilatory assistance devices can be recom- 
mended to be initiated at specific rates of decline. 61 An 
FVC less than 20% of predicted, or 1 L, is associated with 
significant carbon dioxide retention and a limited survival 
rate past 3 years. 48 Last, static lung volume measurements 
in this population usually reveal restriction, which may be 
the result of multiple factors, including diminished chest 
wall compliance, reduced inspiratory muscle strength, and 
kyphoscoliosis if present. 

Measuring carbon dioxide tension and oxygen analysis 
are useful adjuncts when determining whether an assisted 
ventilation device may be required. Noninvasive capnogra- 
phy and pulse oximetry are easily applied in the clinic, but 
arterial gas analysis should be performed if these are not 
available. In addition, noninvasive monitoring of cardiac 
output, using capnometry and a modified Fick equation, 
may be done to determine the cardiac function of patients 
with cardiac involvement but should not replace echocar- 
diography for definitive analysis. Daytime monitoring 
should be performed every 3 months, or more frequently 
with diminished mucus mobilization, decline in lung func¬ 
tion, and reduced peak cough flows. 48,62 With further pro¬ 
gression of carbon dioxide retention and muscle weakness 
and advancing concerns regarding nighttime hypoventila¬ 
tion, home overnight oximetry or polysomnography may 
be useful in determining the early need for assisted respira¬ 
tory support. 
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Measurement of cough effectiveness and lung vol- 
ume, combined with monitoring for hypoventilation, 
may provide an assessment of trends that could facilitate 
the timeliness of initiating airway clearance and ventila- 
tory support. With patient and caregiver education, 
these studies may help patients sustain more normal 
daily activities and direct the care needed to minimize 
the complications associated with respiratory muscle 
weakness. 


CASE STUDY 2 


I You have just completed pulmonary function testing on 
I a 5-year-oId boy who has Duchenne muscular dystrophy 
I and appears to be following to the usual disease course. 
Although he has difficulty running and climbing stairs, he has 
not progressed to need respiratory support at this time. 
Mom seeks your advice about when to have her son “trached” 
I (a tracheostomy performed). What would you advise? 


See Evolve Resources for answers. 

Sleep Studies 

Polysomnography must be performed and sleep-disordered 
breathing monitored in all patients with neuromuscular 
weakness. Nighttime sleep-disordered breathing often 
precedes diurnal respiratory failure in affected patients. 
Polysomnography is the most complete diagnostic test 
available to assess for the nature and severity of the sleep 
disturbance. 63 Sleep assessment allows for anticipatory 
evaluation and more timely recognition and management 
with assisted ventilation. Full polysomnography should 
include sleep stage recording, arousal documentation, and 
monitoring of oxygen saturation, hypoventilation, and hy- 
percapnia. 64 Together, this testing allows for monitoring 
of sleep complaints and treatable conditions in an other- 
wise progressive disease process. See Chapter 25 for more 
details. 

RESPIRATORY CARE 
OF CHILDREN WITH 
NEUROMUSCULAR DISEASE 

General Considerations 

The onset of pulmonary symptoms of children with neuro¬ 
muscular disease largely depends on the underlying dis¬ 
ease. 59 For example, a boy with Becker muscular dystrophy 
is likely to have few respiratory symptoms until late adoles- 
cence or adulthood, whereas an infant with SMA type I will 
almost certainly develop symptoms in the first few months 
of life. In either case, however, a predictable sequence of 
events will occur, leading each child to experience progres¬ 
sive respiratory insufficiency and eventually respiratory fail- 
ure. 65 Initially, respiratory muscle weakness is manifested as 


a weak cough and impaired airway clearance, which leads to 
recurrent atelectasis and chest infections. 59 As respiratory 
muscle weakness progresses, patients experience nocturnal 
hypoventilation and symptoms related to hypercapnia. 
These symptoms include nightmares, frequent wakening, 
early morning headaches, and daytime sleepiness. 47 At this 
point, most patients maintain relatively normal daytime 
respiration and are eucapnic while awake. However, further 
deterioration in respiratory muscle strength eventually 
leads to daytime respiratory insufficiency and daytime hy¬ 
percapnia. 59 Complete respiratory failure follows shortly 
thereafter; the trajectory of this decline, however, is unique 
to each patient and disease and is usually hastened by seri- 
ous illness or concomitant conditions such as scoliosis. 
With early and proactive institution of cough assist devices 
or mechanical ventilatory support, this trajectory may be 
effectively slowed. 

Many of the interventions used to support airway clear¬ 
ance and ventilation in adults have also been used to assist 
children; however, limitations in size and the inability of 
young children to cooperate with or comprehend respira¬ 
tory therapies can present unique challenges. Although 
respiratory insufficiency or some form of cardiopulmo- 
nary disease is the most common cause of death among 
children with almost any congenital or acquired neuro¬ 
muscular disorders, innovations in pediatric ventilatory 
assistance have considerably extended survival and im- 
proved quality of life for affected children. 48,66 Although 
you may have to search hard for the appropriate-sized 
equipment and implementation, it does exist. The indus- 
try of pediatric assisted ventilation and airway clearance is 
growing year by year, so keep checking. 

Airway Clearance Mechanisms 

Airway clearance is achieved in a healthy individual via 
two mechanisms: mucociliary transport and cough clear¬ 
ance. The mucociliary escalator lining the bronchial tree 
moves a thin layer of mucus upward toward the proxi- 
mal airway, where the mucus and entrapped particles are 
sensed and expelled via cough clearance. Normal cough- 
ing is a highly controlled reflex with defined phases. The 
initial phase is inspiration, when a maximal inspiration 
is performed in order to get air behind the mucus or 
debris that needs to be cleared. The next phase is the 
compressive phase, during which the glottis is closed 
and the abdominal muscles contract. This allows intra- 
thoracic pressure to rise and narrows the central airways, 
making the velocity of the airflow higher. The last phase 
of coughing is expulsion, during which the glottis is 
opened and air is released at a high velocity, carrying 
with it collected mucus and debris. 

Children with neuromuscular weakness may have trouble 
with each phase of coughing; inspiratory muscle weakness re- 
duces vital capacity and maximal inhaled volume, bulbar 
muscle weakness can lead to impaired glottic closure, and ex- 
piratory muscle weakness reduces the maximal intrathoracic 
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pressure and expulsive force. 59,67 The significance of this can- 
not be overstated: In patients with neuromuscular disease, 
most episodes of acute respiratory failure result from the 
inability to eliminate airway secretions and mucus during 
otherwise benign chest infections. 68 A peak cough flow less 
than 160 L/min is associated with impaired secretion clear- 
ance, but early intervention at 250 to 270 L/min is recom- 
mended for beginning cough assistance. 48 

Facilitating Clearance of Mucus 

Mucus mobilization can be facilitated by good enteral 
hydration, use of humidity and medications that reduce 
mucus viscosity, and assisted maneuvers to clear secre¬ 
tions from the airways. These maneuvers include manual 
physiotherapy, mechanical or vibratory chest percussion, 
and postural drainage. The goal of these therapies is to 
transport secretions in the peripheral airways centrally to 
larger airways, where assisted coughing can more easily 
expel them from the respiratory tract. Commercially avail- 
able mucolytics commonly used for this purpose include 
dornase alfa, bicarbonate (HC0 3 - ), and IV-acetylcysteine 
(NAC). Dornase alfa (Pulmozyme) is an aerosolized en- 
zyme that hydrolyzes the extracellular DNA in infected or 
colonized sputum, reducing sputum viscoelasticity. If 
proper airway clearance is provided and pulmonary infec¬ 
tions avoided, dornase alfa may not be helpful. Dornase 
alfa is only approved by the Food and Drug Administra¬ 
tion (FDA) for cystic fibrosis. Similarly, NAC cleaves the 
disulfide bonds in mucoproteins, reducing their chain 
lengths and thinning lung mucus. All mucus has disulfide 
bonds. NAC has been known to cause bronchospasm, 
therefore limiting its success if pretreatment with a bron- 
chodilator is not provided. The least used mucolytic is 
the oldest, and that is 2% to 4% bicarbonate. HC0 3 ~ has 
been instilled into the airway of intubated patients or 
aerosolize to reduce viscosity of mucus. The reduction in 
viscosity is created by the elevation in mucus pH. These 
medications can be used as daily maintenance therapy 
or on an as-needed basis during infections. If necessary, 
NAC can be used up to six times a day to facilitate mucus 
clearance. 

Chest percussion is the manual clapping performed by a 
caregiver to the patient’s thorax, alternating from the ven- 
tral, lateral, and dorsal aspects of the chest for periods usu- 
ally lasting 10 to 20 minutes at a time. 68 Chest vibration is 
similar in application, but instead of manual clapping the 
thorax is vibrated via a handheld device or a circumferential 
chest vest. A third option is intrapulmonary percussive ven¬ 
tilation (IPV), in which high-frequency percussive ventilation 
is delivered through an IPV device used either alone or in 
conjunction with aerosol therapy. 69 Percussion and vibration 
maneuvers are often repeated several times every day, de- 
pending on the quantity of mucus, its viscosity, and its adhe- 
siveness to the airway and the patient’s health status. 68 In 
particular, more frequent use of percussion or vibration is an 
important component of therapy during respiratory tract 


infections, when mucus production can often overwhelm a 
weak child’s clearance mechanisms. 11 See Chapter 12 for 
more details on airway clearance or Chapter 20 for more 
details of inhaled medications. 

Assisted Coughing 

For effective coughing, sufficient strength is needed in 
bulbar, inspiratory, and expiratory muscles. For patients 
with generalized weakness, manually assisted coughing 
(MAC) can permit successful long-term use of noninva- 
sive ventilatory support. 68 For effective MAC, the patient 
inspires maximally, augmented by either breath stacking 
or assisted insufflation, and an abdominal thrust or tho- 
racic squeeze, timed to glottic opening, is applied by an 
assistant or caregiver. 68 For those using abdominal 
thrusts, a one-handed technique with counterpressure 
applied to the thorax with the other hånd can further 
increase cough strength. If upper limb weakness is not 
involved, a patient can employ either maximal insuffla¬ 
tion or abdominal thrust in isolation and augment 
cough peak flow. 6 There are some limitations to assisted 
cough, however; MAC requires a cooperative patient 
willing and able to provide adequate physical effort, and 
a committed caregiver, able to assist multiple times 
a day. 68 

Mechanical in-exsufflators are cough assist devices 
that attach to the patient via an oronasal interface. These 
work by helping to deliver deep insufflations until the 
lungs are fully expanded, followed by an immediate nega¬ 
tive pressure exsufflation that helps to facilitate mucus 
mobilization (Figure 33-2). 68 When mechanical cough as¬ 
sist devices are used for secretion clearance, multiple 
cycles are given in one sitting, until no further secretions 
are induced. 68 Some patients with severe bulbar weakness 
may not tolerate mechanical assistance and require man¬ 
ual cough assistance. 

Glossopharyngeal Breathing 

Glossopharyngeal breathing (GPB), sometimes called 
“frog breathing,” can be used to provide brief periods of 
normal alveolar ventilation for a patient with neuromus¬ 
cular weakness who spends periods off a ventilator, or dur¬ 
ing times of unexpected ventilator failure. 68 The technique 
of GPB is to augment insufflation by “gulping” air in a 
series of breaths, closing the glottis between “gulps” to 
entrap air in the lungs. 68 Using this method, one glosso¬ 
pharyngeal “breath” often consists of six to nine gulps of 
air. Although severe bulbar muscle weakness can limit the 
effectiveness of GPB, previous reports of its use in patients 
with almost no independent breathing and no vital capac- 
ity have been published. 68 Bach' 1 and Bach and Alba 72 
reported that after a period of training to develop profi- 
ciency, even patients with ventilator dependence and no 
autonomous breathing capability have successfully used 
GPB to facilitate independent breathing for periods rang- 
ing from minutes to all day. 
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FIGURE 33-2 Mechanical cough assist. Mechanical cough assist 
devices attach to the patient via an oronasal interface and deliver 
deep insufflations until the lungs are fully expanded, followed by 
an immediate negative pressure exsufflation until the lungs are 
fully deflated. 

Mechanical Ventilatory Support 

Noninvasive Ventilation 

In the early 1980s, noninvasive ventilation was pio- 
neered first by Rideau and colleagues in France and sub- 
sequently by Bach and colleagues in the United States. 73 
Since that time, several large studies have shown that 
noninvasive ventilation is not only effective and well 
tolerated but is a preferred method of respiratory sup¬ 
port for patients with progressive neuromuscular dis- 
ease. 68,7 Indeed, work has demonstrated that chronic 
noninvasive ventilation can extend the average life expec- 
tancy for patients with DMD by an average of 6 years 
and even restore normal life expectancy for older pa¬ 
tients with static weakness, such as long-term polio 
survivors. 73 Noninvasive ventilation appears to succeed 
because it allows fatigued respiratory muscles to rest, 
improves pulmonary mechanics, and restores normal 
ventilatory sensitivity to carbon dioxide levels. 3 

The goals of assisted ventilation in children are to 
maintain pulmonary compliance and normal lung and 
thoracic growth and to maintain normal alveolar ventila¬ 
tion. (See Chapter 16 for more details on noninvasive 
ventilation.) Lung and thorax growth is particularly im- 
portant when the onset of weakness is in infancy, as is 
the case with patients with SMA type I. In these cases 


the lungs and chest wall do not grow normally because of 
the inability to take deep breaths. It is important for the 
caregivers of these children to move their thoracic cavity 
with large tidal volumes (mimic a sigh) several times a day 
to prevent abnormal growth and reduce atelectasis. Cur- 
rently there are no ventilators on the market that offer a 
sigh, so this will need to be manually done. As children 
age and hypoventilation develops, assessment of pul¬ 
monary function determines when assisted ventilation 
support is indicated, usually with progression from noc- 
turnal-only ventilation to around-the-clock assistance as 
muscle weakness progresses. 

Nocturnal Ventilation 

Generally accepted indications for initiating nocturnal 
ventilation include rapid progression of weakness, hyper- 
capnia or end-tidal carbon dioxide levels exceeding 45 to 
50 mm Hg during or at the end of sleep, arterial desatura- 
tion below 95% during sleep, and symptoms of respiratory 
insufficiency. 68,74 The level of nocturnal support is ad- 
justed until there is satisfactory resolution of symptoms 
and saturations consistently remain greater than 95%. 75 
Because of the thoracic deformities that are commonly 
present, tidal volume or pressure calculation may be inac- 
curate. In these cases auscultating the basilar lung regions 
provides a baseline for initial pressure or volume settings. 

Initial means of respiratory support include a variety of 
noninvasive methods. In children, choice of assist device or 
ventilator mode and patient interface is likely to be dic- 
tated by patient age and size. Although the mouthpiece 
intermittent positive pressure ventilation (IPPV) with lip 
seal to minimize leak may be preferred in certain instances, 
these are available only in adolescent and adult sizes. 68 
Therefore, nasal ventilation is the most practical means 
of noninvasive ventilatory support for small children. 
Younger children and infants can often be easily fitted 
with nasal interfaces such as adapted continuous positive 
airway pressure circuits or nasal pillows, nasal masks, or 
full face masks, although custom headgear might be nec- 
essary (Figure 33-3). With any of these designs, the clini- 
cian must ensure that a proper fit not only minimizes leaks 
but avoids pressure on the bridge of the nose and prevents 
future face deformity. 68 Nocturnal ventilation is often best 
instituted via IPPV with a portable volume ventilator. 68,75 
Ventilator settings should be adjusted to mimic age- and 
weight-based norms for tidal volume and respiratory rate. 
In older children, bilevel respiratory assist devices may be 
used, but because pressure levels are set, they do not ac- 
commodate progressive changes in muscle weakness. 
However, new volume-targeted pressure devices offer a 
suitable, more compact alternative that can automatically 
accommodate increasing muscle weakness. 

Often, nocturnal ventilatory assistance improves both 
nocturnal and diurnal ventilation, and the overnight rest 
allows the respiratory muscles to improve daytime stamina. 68 
In faet, most patients use diurnal IPPV for the first time 
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FIGURE 33-3 Infant nasal bilevel positive airway pressure. Nasal 
ventilation is the most practical means of noninvasive ventilatory 
support for small children. Although fittings for custom headgear 
may be necessary, younger children and infants can often be easily 
fitted with nasal interfaces such as adapted continuous positive 
airway pressure circuits or nasal pillows, nasal masks, or full face 
masks. 


during chest infections, weaning off and returning to 
isolated nocturnal use, for periods lasting up to several 
years. 75,76 

Diurnal Ventilation 

Daytime use of ventilatory assistance becomes necessary 
when patients develop end-diurnal hypoventilation. 76 
Again, the goal of ventilatory assistance is normalization 
of arterial biood gas and elimination of respiratory symp¬ 
toms. 68,76 Ampie evidence exists that children, adolescents, 
and adults who are able to cooperate overwhelmingly pre- 
fer noninvasive ventilation. 76,77 

Mouthpiece IPPV has now been studied in several cohorts 
of end-stage patients and has been demonstrated to be a safe 
and effective means of chronic ventilation, even in patients 
with respiratory failure and no reserve (Figure 33-4). 68,76 It is 
extremely well tolerated by patients, even in sleep, 68 is a user- 
friendly system during eating and social activities, and is also 
relatively inexpensive/ 6 

Tracheostomy 

Tracheostomy has long been a part of traditional man¬ 
agement for patients with progressive neuromuscular 
weakness. 68,78 Often, tracheostomy tubes are placed dur¬ 
ing times of respiratory crisis, during or after bouts of 
respiratory failure triggered by chest infections. 9 Newer 
therapeutic approaches to patients with neuromuscular 
weakness discourage tracheostomy, not only because it is 
often unnecessary but also because noninvasive support 
is overwhelmingly preferred by patients. Tracheostomy 
tubes present numerous disadvantages by impeding nor¬ 
mal swallowing and phonation and limiting social inter- 
actions; in addition, more advanced in-home health care 
assistance and intensive follow-up is required. Hygiene 



FIGURE 33-4 Mouthpiece ventilation. Mouthpiece intermittent 
positive pressure ventilation is a safe and effective means of 
chronic ventilation, even in patients with respiratory failure and 
no reserve. This mode of support is often preferred by adolescents 
and adults because it both provides adequate respiratory support 
and permits normal social interaction 


issues are also a concern when considering a tracheos¬ 
tomy tube. Tube and stoma care can be uncomfortable, 
skin breakdown at the stoma site leads to cutaneous in¬ 
fections, and tracheostomy tubes risk sudden plugging 
with mucus, which can be life threatening. 68 

Although adolescents and adults prefer noninvasive 
ventilatory aids for all the reasons given previously, it is 
important to mention that tracheostomy has also been 
favorably viewed by many patients. For example, in a 2000 
survey in which patients with DMD and amyotrophic lat¬ 
eral sclerosis were surveyed on their quality of life, more 
than two thirds were satisfied with their lives and 84% be- 
lieved they had made the right choice. 80 In general, we 
recommend that as patients demonstrate a need for venti¬ 
latory assistance, noninvasive ventilation be pursued first. 
Tracheostomy is probably best reserved for those patients 
with severe bulbar weakness and chronic aspiration, if ar¬ 
terial biood gas tensions can no longer be controlled, if 
there are patient-interface difficulties, or if there is failure 
to thrive. 70 It is also important to remember that a sub¬ 
population of patients—those with spinal cord injury and 
Guillain-Barré in particular—may benefit from temporary 
tracheostomies to facilitate hospital discharge and entry 
into a rehabilitation program. The long-term goal in these 
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cases is to improve respiratory muscle strength, permitting 
successful decannulation. 

Although more and more centers are developing ex- 
pertise with chronic noninvasive ventilation, a survey of 
Jerry Lewis Muscular Dystrophy Association clinics from 
1997 showed that few used any form of cough assist and 
only 20% used mouthpiece positive pressure ventilation. 81 
The reasons for this are explained by a combination of 
family and practitioner unfamiliarity with noninvasive 
methods, and poor availability or uncertainty about how 
to use home cough assist devices. This underscores the 
importance of connecting patients and their families 
early in the course of the disease with an accredited 
center caring for a high volume of patients with neuro¬ 
muscular disease. 

Nonrespiratory Care 

General medical concerns will cross all stages of growth 
and development for children with neuromuscular weak- 
ness, and attention must be paid to nutritional and cardiac 
status, extent of scoliosis and restrictive respiratory dis¬ 
ease, the contribution of weakness to other organ system 
functioning, the need for communication assistance, and 
mental health care. Some of these concerns, such as car- 
diomyopathy and arrhythmias, relate to the multisystem 
effects of the neuromuscular conditions. Others, such as 
surgical correction of contractures and scoliosis, can be an 
important strategy in maintaining mobility and preserv- 
ing lung function. 47 

End-of-life care issues are inevitable in the course of 
progressive neuromuscular disease. In the discussion of 
these events it is important to provide the facts and answer 
every question fully and in terms the parents or patient can 
understand, without frightening technical language. This 
communication is one of the most difficult tasks in pro- 
viding care to these patients. It requires tact, skili, empa- 
thy, and complete support of any decisions made by the 
parents or patient. The three primary goals include decid- 
ing on end-stage pain and dyspnea control, providing 
spiritual and psychiatric support, and respecting choices 
concerning tests and treatments. 48 

TRANSITION TO ADULTHOOD 

Improved technology and advances in respiratory care 
have significantly increased the life expectancy of children 
with neuromuscular weakness.' Transition to adulthood 
requires increasing reliance on ventilator assistance, nurs- 
ing support, and assistive technologies to help achieve in- 
dependent living. 59 Another issue that persists across all 
childhood chronic illnesses is the need for age-appropriate 
caregivers, so that older adolescents and adults can begin 
to receive care in an adult health care environment. 83 

Children with neuromuscular weakness require more 
life-sustaining equipment and assistance in achieving 
independence. More personal assistance, either from 


family or skilied nursing, is required in providing basic 
care needs. 68 Increased support has been associated not 
only with extended life expectancy but improved quality 
of life as well. 61,84 Unfortunately, the timing of instituting 
these assistive technologies and skilied nursing care re- 
mains dependent on the individual patient and clinical 
scenario. 64 

Successful transition requires attention to the chal- 
lenges associated with providing ventilatory assistance 
to the young adult with neuromuscular weakness. Ad¬ 
ditional issues during the transition process include 
facilitating coordination of care among multiple sub- 
specialists, establishing a cadre of skilied caregivers, and 
arranging support for maintaining activities of daily 
living. If successful, the transition is likely to result in 
continued maintenance of a high quality of life despite 
the physical limitations associated with the underlying 
condition. 84 


KEY POINTS 


• Understanding neuromuscular control of respiration 
and airway clearance is important in avoiding associ¬ 
ated complications and developing the best plan of 
therapy. 

• Being proactive with assisted ventilation in a 
progressive neuromuscular disease can help avoid 
pulmonary infections and sequelae. 

• Early monitoring of disease progression with pulmonary 
function testing can assist with proactive therapy before 
signs and symptoms of hypoventilation or ineffective 
airway clearance. 

• Newer therapeutic approaches to patients with 
neuromuscular weakness discourage tracheostomy. 

• Communication is one ofthe most difficult tasks 
in providing care to progressive neuromuscular 
disease patients. It requires tact, skiil, empathy, 
and complete support of any decision made by the 
parents or patients. 



ASSESSMENT QUESTIONS 


See Evolve Resources for answers. 


1. Which ofthe following are muscles of inspiration? 
I. Diaphragm 

II. Internal intercostals 

III. External intercostals 

IV. External oblique muscles 


V. Rectus abdominus 

A. 

1 and II 

B. 

1 and III 

C. 

1, III, and V 

D. 

II and IV 

E. 

1, IV, and V 
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8. Glossopharyngeal breathing: 

A. Is known as “frog breathing,” which inflates the 
lungs by gulping air 

B. Has I imited effectiveness in patients with bulbar 
weakness 

C. May provide normal alveolar ventilation in the 
case ofa malfunctioning mechanical ventilator 

D. A and B only 

E. All of the above 

9. Select the two indications for initiating nocturnal 
ventilatory assistance for a pediatric patient with 
neuromuscular weakness: 

I. Supine negative inspiratory force of 60 to 
90 cm H 2 0 

II. Hypercapnia during sleep with end-tidal carbon 
dioxide levels in excess of 50 mm Hg 

III. Docu mented evidence of right-sided heart failure 
with peaked P waves on electrocardiogram (ECG) 

IV. Arterial oxygen tension less than 88 mm Hg during 
20% of the sleep study 

V. Oxygen desaturation to less than 95% during 
sleep and symptoms of respiratory insufficiency 

A. I and III 

B. I and V 

C. II and IV 

D. II and V 

E. III and IV 

10. Placing a tracheostomy tube to facilitate mechanical 
ventilation for progressive neuromuscular weakness: 

A. Is reserved only for patients with severe bulbar 
weakness, chronic aspiration, and inability to 
maintain acceptable biood gas values 

B. May be temporary in children with spinal cord 
injury or Guillain-Barré 

C. May be temporary to provide rest of the respiratory 
muscles and aggressive pulmonary hygiene 

D. A and B 

E. B and C 


2. Which condition(s) of the central nervous system 
affect(s) respiration? 

A. Tay-Sachs disease 

B. Congenital hydrocephalus 

C. Congenital central hypoventilation syndrome 

D. A, B, and C 

E. B and C 

3. Which condition is the most common myopathy 
affecting respiratory muscle function in childhood? 

A. Spinal muscular atrophy 

B. Myasthenia gravis 

C. Muscular dystrophy 

D. Guill ain-Barré 

E. Scoliosis 

4. Guillain-Barré is an acute, autoimmune process that 
affects the peripheral nervous system and causes: 

A. Inevitable respiratory failure, tracheostomy, and 
mechanical ventilation 

B. Hereditary weakness that progresses from the legs 
to the arms 

C. Mild hydrocephalus and confusion along with 
chest wall weakness 

D. Demyelination of the peripheral nerve sheaths, 
leading to conduction abnormalities 

E. Pain, starting in the arms and chest and leading to 
arm and chest weakness 

5. Which of the following is an autoimmune disorder of 
infancy and childhood, which occurs when antibodies 
block synaptic receptors at the neuromuscular 
junction? 

A. Myotonic dystrophy 

B. Pediatric botulism toxicity 

C. Infantile spinal muscular atrophy 

D. J uvenile myasthenia gravis 

E. Infantile transitional myasthenia gravis 

6. A neuromuscular disease evaluation of the respiratory 
system ofa child with neuromuscular weakness might 
include which of the following? 

I. Spirometry with a flow-volume loop 

II. Polysomnography 

III. Electroencephalogram 

IV. Mixed venous biood gases 

V. Maximal inspiratory and expiratory pressures 

A. I and V 

B. I, II, and V 

C. III and V 

D. il, III, and V 

E. II, III, and IV 

7. There are several phases ofa normal cough to create 
sufficient cough flow for effective pulmonary clearance. 
The patient with neuromuscular weakness: 

A. Is unable to produce peak cough flows 

B. May have difficulty with any of the phases ofan 
effective cough 

C. Is able to produce high expiratory flows but does 
not generate enough volume for an effective cough 

D. Has impaired glottic closure and diaphragmatic 
force for an effective cough 

E. Does not have true impairment of cough flows, 
because it is relative to the reduced vital capacity 
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LEARNING OBJECTIVES 

After reading this chapter the reader will be able to: 


1. Discuss and recognize the importance of team 

4. List the specific equipment needed for pediatric 

composition, roles, and education 

transport 

2. Review and compare the caveats of each mode of 

5. Demonstrate how to provide a patient assessment in 

transport 

a nontraditional environment 

3. Explain the role of communication during a medical 

6. Review safety and accreditation requirements for 

transport 

pediatric transport agencies 

KEY TERMS 


Dedicated transport teams UHF/AM transceiver Unit-based transport teams 


Since the late 1980s the care of the critically ill pediatric 
patient has seen rapid development in technology and im- 
provement in patient outcomes. Today many infants and 
children who previously would have died are surviving. The 
cost of such care has necessitated regionalization of inten¬ 
sive care centers to larger tertiary care centers. This regional¬ 
ization has led to the need for safe and effective patient 
transport systems. For neonatal transport, antenatal trans¬ 
port of the mother and high-risk fetus to a tertiary center is 


preferred unless contraindicated because of maternal com- 
plicating factors . 1,2 However, antenatal referral is not always 
possible and the critically ill neonate must often be trans¬ 
ported after birth. In most States the operation of a neonatal/ 
pediatric transport team will be based at neonatal/pediatric 
tertiary centers. Each State typically has its own specific rules 
and regulations for staffing, training, equipment, and safety. 
There are few things more challenging and yet rewarding 
to clinicians than transporting critically ill infants and 
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children from a local hospital to a tertiary care medical cen¬ 
ter. Respiratory therapists must adjust their focus to moni- 
toring the status of patients and performing procedures 
while operating in a dynamic environment, such as a moving 
ambulance or aircraft. 

The ages, sizes, and diagnoses of transported neonatal and 
pediatric patients encompass virtually the entire scope of the 
critically ill population, from the 500-g infant to the 100-kg 
adolescent. The skilied, rapid transport of neonatal and pedi¬ 
atric patients suffering from serious illness or trauma to 
facilities specializing in the care of these patients has resulted 
in significantly improved outcomes. 3 ' 6 The skilied transport 
of critically ill patients is an intervention of the highest value 
and an activity in which respiratory therapists should be 
proud, enthusiastic, and encouraged to participate. 

TEAM COM POSITION 

Staff i ng 

Critical care transport requires experienced personnel with 
advanced clinical skilis, additional training, and educa- 
tion. If the team is to function autonomously, they must 
work together with others involved in the transport pro- 
cess. Personnel are the single most valuable assets of any 
transport system. Because the stabilization and critical 
care skiils required for the critically ill pediatric patient are 
specialized, the composition of the team is important. 
Team composition varies among different health care in¬ 
stitutions across the country. More important than the 
exact credentialing of the transport personnel is the train¬ 
ing and skilis of the team. A qualified transport team 
should consist of individuals who have typically 2 years 
pediatric/neonatal critical care experience and training in 
the special needs of children during transport and who 
have participated in the transport of these patients with 
the frequency to maintain their expertise. 7 Transport team 
members must often function with a high workload of 
critical tasks that are frequently evolving, and thus the 
team must adapt dynamically to achieve its goals. 8 

Most transport teams are composed of one or more of 
the following health care team members: 

• A registered nurse 

• A respiratory therapist 

• An emergency medical technician 

• A neonatal nurse practitioner 

• A staff physician, resident, or fellow 

Data show that most pediatric transport teams in the 
United States are led by a nurse and accompanied by a re¬ 
spiratory therapist. The use of a specialized pediatric trans¬ 
port team (registered nurse and respiratory therapist) has 
been shown to result in lower morbidity than the tradi¬ 
tional emergency medical services (EMS) helicopter staffed 
with a flight/trauma nurse and a paramedic. 9 ' 11 The bulk of 
the research on prehospital care has focused on the adult 
population. Consequently, little of the care provided by 
EMS to pediatric patients is based on evidence from pre¬ 
hospital care research. 12,13 A respiratory therapist is at an 


advantage because of the large number of transported pe¬ 
diatric patients who require respiratory support. The back- 
ground and training of nurses and respiratory therapists 
are so different that such a team creates a broader scope of 
knowledge and experience when both are used. This combi- 
nation works successfully in the majority of critical care 
and even routine transports. 14 A recent national survey 
showed that neonatal transport teams primarily are com- 
prised of registered nurses and respiratory therapists. 15 

Although many nonneonatal pediatric teams may in- 
clude a resident or attending physician, there is little 
published evidence that this team model offers improved 
outcomes compared with non-physician-based teams. All 
pediatric transport teams should have a mechanism to 
identify critical patient transports that may require the ad¬ 
dition of a physician to the transport team. All team mem¬ 
bers should be cross-trained so that each member of the 
team can function at the other’s skili level. The medical 
director of the pediatric transport program should be a 
critical care intensivist, anesthesiologist, or neonatologist 
with an interest in transport medicine. 16 

Though most exclusive neonatal/pediatric transport 
teams are affiliated with children’s hospitals, the adminis¬ 
trative home of the transport team varies with each in¬ 
stitution. Unit-based transport teams are staffed and 
scheduled within the intensive care units (ICUs) or, in the 
case of respiratory therapists, within the respiratory care 
department. The transport staff are generally given a patient 
care assignment and then “pulled” from that assignment 
when a transport call is received. This patient assignment is 
then back filled by the department staff or an on-call person 
is used to fill the assignment until the transport is com¬ 
pleted. From an administrative standpoint this is the most 
cost effective use of personnel resources. 

Dedicated transport teams are scheduled and staffed 
separately from the ICU personnel. These staff members 
generally “float” throughout the hospital without a patient 
assignment when they are not on transport. They are there 
to assist other hospital personnel but can leave immediately 
when a transport call is received. A large volume of trans¬ 
ports is necessary to justify a dedicated transport team. 
Most transport programs have found that once volumes 
exceed 1000 to 1200 transports per year, it is fiscally advan- 
tageous to allocate the resources for a dedicated transport 
team. Personnel accustomed to managing transport coordi- 
nation are the best suited for accomplishing the relatively 
complex logistics of transporting critically ill patients. 

The objective of adequate staffing is to ensure that each 
member of the transport team has the opportunity to partici¬ 
pate in enough transports per month (15 to 20 per month) to 
maintain a high level of competency while at the same time 
making sure not to overwork the staff and create “burnout.” 
Transport team professionals have unique responsibilities 
and are exposed to powerful demands. They cannot avoid 
incidents that pose personal threats to their own emotional 
well-being. Contact with dead or severely ill or injured 
children, for example, can be detrimental to the caregiver. 1 
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Minimal Requirements for Transport Team Members 


Box 34-1 


TRANSPORT NURSE 

• Licensed by the State 

• Two years of experience as a registered nurse, including 
12 months of neonatal intensive care unit/pediatric 
intensive care unit (NICU/PICU) experience 

• Current basic cardiac life support (BCLS) certification 

• Current neonatal resuscitation program (NRP) certification 

• Current pediatric advanced life support (PALS) certification 

• Current advanced cardiac life support (ACLS) certification 

• Certificate of added qualification in neonatal pediatric transport 
(C-NFT)—National Certification Corporation (NCC) 

• Has participated in a pediatric transport course and has 
demonstrated a working knowledge of transport equipment 
and transport supplies 

• Has observed a program-specified number of transports 
and been checked off by preceptor and medical Control 
physician before being released for transport duty 

TRANSPORT RESPIRATORY THERAPIST 

• Registered respiratory therapist (RRT) by the National 
Board for Respiratory Care (NBRC) 


• Neonatal and pediatric specialty credentialed (RRT-NPS) by 
the National Board for Respiratory Care 

• Licensed by the State 

• Two years of NICU/PICU experience 

• Current BCLS certification 

• Current NRP certification 

• Current PALS certification 

• Current ACLS certification 

• Certificate of Added Qualification in Neonatal Pediatric 
Transport (C-NPT)—National Certification Corporation 
(NCC) 

• Has participated in a pediatric transport course and has 
demonstrated a working knowledge of transport equipment 
and transport supplies 

• Has observed a program-specified number of transports 
and been checked off by preceptor and medical Control 
physician before being released for transport duty 


Training 

The neonatal/pediatric transport team plays a vital role in 
the transport of critically ill children to tertiary pediatric 
facilities. Pediatric transport practitioners are experienced 
personnel requiring a wide range of high-level clinical 
competence dealing with many diseases affecting children. 
The team must be comfortable caring for critically ill 
patients, whether at a small referral hospitals or during the 
transport process itself by ground ambulance or air. The 
transport team is a vital component of successful patient 
care during transport to a tertiary care center. This highly 
specialized team brings the basic services of the neonatal 
intensive care unit (NICU) or pediatric intensive care unit 
(PICU) to the patient’s bedside. 

The qualities of the team members are as important as 
the team composition. The selection process should include 
interviews not only with the nursing and respiratory leader- 
ship but with the medical director of the transport team 
under whose license the person will operate. Ideal candi- 
dates should have exemplary clinical skiils, leadership and 
decision-making abilities, flexibility, compassion, and asser- 
tiveness, all while working in a high-stress transport service. 

See Box 34-1 for a list of minimal requirements for 
transport team members. 

Inadequate training of pediatric caregivers has been cor- 
related with increased morbidity. s - y Several different profes¬ 
sional organizations have developed training/educational 
requirements for pediatric transport teams. The Air & Sur- 
face Transport Nurses Association (ASTNA, Greenwood Vil- 
lage, CO), American Association for Respiratory Care (AARC, 
Irving, TX), Commission on Accreditation of Medical Trans¬ 
port Systems (CAMTS, Anderson, SC), American Academy 
of Pediatrics (AAP, Elk Grove Village, IL), and National Cer¬ 
tification Corporation (NCC, Chicago, IL) are commonly 


recognized. In general, they recommend that transport 
nurses and respiratory therapists have at least 2 years of 
pediatric critical care experience. Annual recurrent training 
should include didactic material and hands-on training in 
procedures that are used during transport (Box 34-2). The 
use of high-fidelity patient simulation has also grown in ac- 
ceptance of neonatal and pediatric transport team members. 

Additional courses such as Pediatric Fundamental Crit¬ 
ical Care offered by the Society of Critical Care Medicine 
and the neonatal-focused S.T.A.B.L.E. program also offer 
didactic training options. 

Simulation-Based Medical Education 

Simulation-based medical education (SBME) is believed to 
be superior to the traditional style of medical education 


Box 34-2 


Annual Recurrent Training Topics 


Advanced airway management 
Central line/umbilical artery line insertion 
Peripheral intravenous catheters/interosseous 
placement (IO) 

Thermoregulation 

Identification and treatment of pneumothorax 
Stabilization of critically ill pediatric patients 
Acid-base balance 

High-altitude physiology (for air transport) 

Stress factors in transport (e.g., noise, vibration) 
Transport equipment operation 
Transport-based simulation scenarios 
Aircraft/ambulance safety procedures 
Aircraft evacuation d ri I Is 
Community relations 
* Not exclusive. 
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from the viewpoint of the active and adult learning theo- 
ries. SBME can provide a learning cycle of debriefing and 
feedback for learners as well as evaluation of procedures 
and competency. SBME offers both learners and patients 
a safe environment for practice and error. Effective 
team performance in complex environments requires that 
team members hold a shared understanding of the task, 
their equipment, and their teammates. Therefore many of 
the simulation-based training (SBT) systems and pro¬ 
grams have been designed (partly) to enhance shared/team 
cognition. 18-20 

MODES OF TRANSPORTATION 

The single largest expense of a transport program is in the 
operation and maintenance of its transport vehicles. The 
selection of specific vehicles is an important decision that 
must include many different factors. The vehicles must be 
safe and have the operational characteristics appropriate 
for the program requirements. All vehicles used to trans¬ 
port patients must comply with local, State, and federal 
guidelines for both air and ground ambulances. The vehi¬ 
cles must have 110-volt AC electrical power available for 
the medical equipment used during transport. There 
should be sufficient medical gas (medical air and oxygen) 
capacity for all transport operations plus reserve capacity 
for use in the event of mechanical breakdown. The vehicles 
must also have provisions for suction equipment. The 
medical equipment used in transport, as well as the 
stretcher/incubator, must be safely secured within the vehi- 
cle during transport. The vehicle must have interior room 
that will allow the transport team to treat and assess 
the patient and, on occasion, perform procedures safely 


during transport. 21 All transport vehicles must have 
two-way communication capability, using radios or cellu¬ 
lar phones. Each mode of transport—ground, rotor wing 
(helicopter), and fixed wing (airplane)—has advantages and 
disadvantages. The vehicle chosen should be appropriate 
for the patient population and geographical area served. 

Ground Transport 

Ground transport should be considered when distances 
are 30 miles or less one way for critical patients and less 
than 80 miles one way for stable patients. The ground 
transport vehicle should be an ambulance equipped with 
the special equipment needed for intensive care transport. 
The ambulance should have a hydraulic or electrical lift for 
loading the heavy transport incubators used in neonatal 
transport (Figure 34-1). The incubator should be secured 
by a designed floor-securing system or at minimum with 
four-point restraint straps. 22 The ambulance interior 
should be large enough to secure two transport incubators 
for transport of twins and room to seat the transport team 
members required for the care of two patients. 

Advantages and disadvantages of ground transporta- 
tion are listed in Box 34-3. 

Air Transport 
Rotor Wing 

Helicopters are effective for rapid transport of critical 
patients within a 30- to 150-mile radius. 23 The size of 
the helicopter and the corresponding size of the cabin 
within the helicopter must be adequate to handle the 
equipment and transport team members. The transport 
team must be able to access and treat the patient during 
flight should an emergency arise. A neonatal transport 



FIGURE 34-1 Ambul ance with stretcher mounted neonatal transport incubator. 
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Box 34-3 


Advantages and Disadvantages 
of Ground Transportation 


ADVANTAGES 

• Lowest operating cost 

• Ability to go directly from hospital to hospital 

• Ability to carry a large number of staff and equipment 

• Ability to transport in poor weather 

DISADVANTAGES 

• Slower response time over greater distances 

• Can be slowed or stopped by traffic congestion 

• Road noise and vibration 



FIGURE 34-2 Memorial Hermann Life Flight® operates a mid- 
sized twin-engine helicopter that has the capacity to transport a 
neonatal transport team with a transport incubator. 


Box 34-4 


Advantages and Disadvantages 
of Rotor Wing Transportation 


ADVANTAGES 

Rapid response time within a 30- to 150-mile radius 
Ability to fly directly from hospital to hospital 
DISADVANTAGES 

High operating and Capital expenses 
Small operating radius without refueling 
Small cabin area allows limited medical procedures 
(no cabin pressurization) 

Limited payload for personnel and equipment 
Inability to fly in inclement weather 


team with a transport incubator will typically require a 
midsized twin-engine aircraft in order to have enough 
room for proper patient care (Figure 34-2). 

Advantages and disadvantages of helicopters are listed 
in Box 34-4. 

Fixed-Wing Aircraft 

Airplanes are effective for long-distance patient transport. 
Because airplanes fly from airport to airport, the increased 
coordination of ground ambulances for two airports, the 
time required to load and unload at both airports, and the 


additional ground transport time must be balanced 
against the time required to drive from hospital to hospi¬ 
tal. Under normal circumstances the time needed to drive 
120 miles is greater than the fixed-wing aircraft transport 
time for the same distance. All airplanes used for critical 
patient transport should have the ability to control the 
cabin altitude (pressurization), which makes the transport 
of critically ill patients with marginal arterial oxygenation 
possible (Figure 34-3). 

Advantages and disadvantages of airplanes are listed in 
Box 34-5. 

EQUIPMENT 

The equipment, both communication and medical, car- 
ried on board an ambulance, helicopter, or airplane will 
need to meet various standards. In general, the equip¬ 
ment should be as lightweight as possible, both electrical 
and battery operated, and should not interfere electro- 
magnetically with aircraft navigation or communication 
equipment. 24 It should be as ruggedly constructed as pos¬ 
sible. All equipment should be well secured for the dura¬ 
tion of transport. 22 

Communications 

The transport team should always have the ability to com- 
municate with the Online medical control physician who is 
supervising the transport. This communication has tradi- 
tionally been accomplished via radio for both ground and 
air transport. Flowever, the use of cellular phones in 
ground ambulances has steadily increased, especially with 
more cellular companies offering a “walkie-talkie”-type 
option. Both helicopters and airplanes are equipped with 
VF1F radios for communicating with air traffic control. 
EMS helicopters are generally equipped with another type 
of radio, called a UHF/AM transceiver. This additional 
radio allows communication with ground support agen¬ 
des (fire, police, etc.) and their dispatch centers. The trans¬ 
port teams on the helicopter can contact their online 
medical control via this UHF radio. Because of the short- 
range limitations of UHF radios, fixed-wing air ambu¬ 
lances should be equipped with a satellite-type cell phone 
for air-to-hospital communication. This will allow com¬ 
munication from just about any location around the 
world. 

Medical 

Monitoring Equipment 

Electrocardiogram monitoring, pulse oximetry monitor¬ 
ing (Sao 2 ), and biood pressure monitoring are standard 
practice during the transport of critically ill patients. Most 
modern transport monitors incorporate the following: 

Electrocardiograph (ECG) 

Sao 2 (pulse oximeter) 

Noninvasive biood pressure monitoring (biood pressure 

cuff) 
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FIGURE 34-3 A jet-engine aircraft that has the ability to transport two patients and five medical crew 
members within a pressurized cabin. 


Advantages and Disadvantages 
of Airplanes 

ADVANTAGES 

• Rapid response time for distances greater than 120 miles 

• Ability to fly long distances 

• Larger cabin area to allow for more medical procedures 

• Ability to Control cabin altitude (pressurization) 

• Larger payload for equipment and personnel including 
family members 

• Ability to fly in inclement weather 

DISADVANTAGES 

• Moderate operating and Capital expenses 

• Requires an airport to land, and thus an ambulance 
transfer at both ends of the flight 


Invasive biood pressure monitoring (pressure transducers) 
Patient temperature monitoring (skin probes) 

End-tidal carbon dioxide (ETco 2 ) monitoring is a valu- 
able option on most transport monitors; monitoring 
ETco 2 provides the transport team with a visual method 
to ensure effective ventilation in the intubated patient 
during transport. Alarm limits should be set for each 
transport. Because of the high noise levels found in the 
transport environment, visual alarm indicators are usu- 
ally more helpful than audible alarms. 25 ' 27 Monitors with 
interchangeable battery packs allow for quicker turn- 
around times as an alternative to waiting for batteries to 
recharge. 

Ventilator 

Use of a transport ventilator will allow the transport 
team to provide the same level of care given or already 
established in an ICU. Transport ventilators are now 
available with most of the intensive care parameters 
(i.e., positive end-expiratory pressure, synchronized inter- 
mittent mandatory ventilation, noninvasive ventilation, 


adjustable fraction of inspired oxygen, and pressure sup¬ 
port) in small, portable, lightweight cases. Ventilators 
with external battery packs allow for quicker turnaround 
times compared with waiting for an internal battery to 
recharge. Many newer models now have “hot swappable” 
batteries that allow the operator to change out batteries 
while the ventilator continues to function. The decision 
to use a volume-limited or a pressure-limited ventilator 
should be based on the patient’s size and ventilatory re- 
quirements. A manual resuscitation bag should always be 
carried on transport in the event of ventilator malfunc- 
tion. Transport team members should be reminded that 
studies have shown there are tendencies to hyperventilate 
the patient while using a manual resuscitator. 28,29 

Transport Incubator 

The ability to transport an infant with a body weight of 
5 kg or less in a neutral thermal environment requires the 
use of a transport incubator. There are several commer- 
cially available transport incubators at present. They are 
modular units that allow customers to select among dif- 
ferent models of heart monitors, ventilators, infusion 
pumps, and oxygen/air sources. When considering the 
purchase of a transport incubator, the first concern should 
be the type of vehicle in which the incubator will be trans¬ 
ported. For example, the primary factor if planning to use 
the incubator in an aircraft (especially a helicopter) would 
be the weight and size of the incubator. Other factors to 
consider include battery power, which should be able to 
power the incubator for 2 to 3 hours; easy access to the 
infant without excessive heat loss; ability to visually moni¬ 
tor the infant at all times; and adequate lighting of the 
patient in dark areas. 

Infusion Pumps 

The syringe pump-type infusion pump is popular with 
transport teams because it requires no special tubing 


Box 34-5 
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or cassette. A standard syringe (anywhere between 1 and 
60 ml) is loaded onto the pump. The pump applies con- 
stant pressure to the piunger of the syringe and can be 
programmed for infusion rates from 0.1 to 999 ml/hr. 
These pumps are lightweight and battery powered, capable 
of running for 3 to 4 hours between charges. There are now 
also small portable infusion pumps that can use premixed 
bags of medication or fluid for larger volume infusions. 
These infusion pumps may even have built-in drug librar- 
ies in them. 

Point-of-Care Testing 

Pediatric transport teams are gradually moving to the use 
of a commercially available portable biood gas analyzer. 
Studies have shown that point-of-care testing reduces sta- 
bilization times and can have the potential to improve the 
quality of care during transport. 30 ' 32 Most analyzers have a 
small, battery-powered, handheld unit and a variable set of 
testing cartridges. Transport teams are able to do biood 
analysis either during transport or at small outlying hospi¬ 
tals, which do not have the ability to analyze small biood 
samples. The following parameters can be determined 
with three or four drops of biood: pH, carbon dioxide pres¬ 
sure (Pco 2 ), oxygen pressure (Po 2 ), sodium (Na), potas- 
sium (K), ionized calcium (iCa), glucose (Glu), hematocrit 
(Hct), and hemoglobin (Hb). 

Medications 

The type and quantity of medications carried by the trans¬ 
port team should meet the requirements for care of the 
various patients transported. If the team operates under 
medical protocols, each medication carried should have its 
own protocol for use. Proper attention should be given to 
the storage of medication as well as a system to check for 
expiration of stored medications. Medications should be 
stored to prevent exposure of extreme temperatures of 
heat or cold. A process must also be developed to handle 
drugs requiring refrigeration, such as surfactant. 

Medical Gas Supply 

Pediatric transport teams who transport low birth weight 
infants will need to have both medical oxygen and medical 
air available while on transport. This will allow for the use 
of a blender to titrate the inspired oxygen of low-birth- 
weight infants. It is critical that the amounts of gas needed 
be calculated on the basis of projected use. The amount of 
gas taken should be approximately double that required. 
This allows for emergency usage in the event of mechanical 
breakdown of a vehicle. In ground ambulances, where 
weight is less of a consideration, additional medical gas 
supplies are usually provided by size H cylinders. This ad¬ 
ditional gas source allows the team to conserve the gas 
supply found on the incubator. In aircraft, where weight 
is a significant consideration, the use of aluminum and 
Kevlar cylinders has become the standard because of their 
low weight. Most fixed-wing aircraft have electrical air 


compressors to provide medical air and liquid oxygen sys¬ 
tems for medical oxygen, thus providing gases over a long 
duration. A small portable oxygen supply such as a D-sized 
cylinder should also be available for emergency use or 
equipment failure. 

Supplies 

The type and quantity of disposable supplies carried by the 
transport team should be sufficient for the proper care of 
the various patients transported. Weight and portability of 
the system to carry the needed supplies should be assessed. 

PATIENT ASSESSMENT 
AND STABILIZATION 

Assessment of the patient begins with the first phone call 
from the referring hospital. The basic information required 
to initiate a transport should include the following 33 : 

• Name 

• Weight 

General description of the patient’s condition 

• Any relevant medical history 

Current vital signs, including oxygen saturation, heart 
rate, respiratory rate, and biood pressure 

• Any current major clinical problems 

Status of current lines, fluids, medications, treat- 
ments, etc. 

The referring hospital should be given any recommenda- 
tions for changes in medical management and the esti- 
mated time of arrival of the transport team. The referring 
hospital should also be given phone numbers and instruc- 
tions to call back with any questions or significant changes 
in the patient condition before the transport team’s arrival. 

On arrival, assessment of the patient by the transport 
team should be thorough yet rapid. Stabilization at the 
referring hospital has become a much-discussed topic. The 
question of “stay and play” or “scoop and run” is debated 
in transport conferences across the country. The goal of 
the transport team should be to transport the patient in 
the most stable condition possible. Proper stabilization 
should be designed to minimize the number of adverse 
incidents (e.g., hypoxic or hypotensive events) that may 
occur during the transport. At the same time, the team 
should avoid the temptation to perform time-consuming 
therapeutic testing procedures while on transport. Before 
departure it is very helpful to briefly discuss with the fam- 
ily what has been done to stabilize their child and where 
the child will be admitted once the transport is completed. 
Directions and contact information for the receiving facil- 
ity is also helpful for the family of the patient. 

ADVANCED TRANSPORT 
High-Altitude Physiology 

A complete understanding of flight physiology is essential 
in order to provide optimal patient care in the air-medical 
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environment. 34,3 ’ Normal physiological responses to chang- 
ing altitude are further complicated when transporting 
an already compromised patient. 

Boyle’s law States that at constant temperature, volume 
is inversely proportional to pressure. As the aircraft and 
patient rise in altitude, the volume of contained gases 
expands. This expansion has the following clinical implica- 
tions for patient care: 

Increased respiratory rate and depth 
Changes in intravenous flow rates 
Nausea and vomiting 
Increased need to urinate 
Increased pain 

Endotracheal tube cuff expansion (prevented by Alling 
the cuff with normal saline) 

Increased sinus pressure in the case of those with head 
colds or blocked sinuses 

Dalton’s law of partial pressure States that the pressure 
of a gas mixture equals the sum of the partial pressures of 
gases making up the mixture. As the aircraft climbs to alti¬ 
tude, the barometric pressure within the aircraft drops; the 
fraction of inspired oxygen remains the same (21%), but 
the delivery of oxygen to the patient is reduced because of 
decreased partial pressure. 

Cabin pressurization allows the transport team to 
compensate for the decreased barometric pressure at 
flight altitude. Each aircraft manufacturer designs a 
maximal pressurization limit for their aircraft. This limit 
is based on the maximal pressure differential between 
cabin pressure and actual barometric pressure at flight 
altitude, which is expressed as a ratio of flight altitude to 
cabin pressure, each expressed as pounds per square inch 
(psi). Cabin pressurization creates an artificial atmo- 
spheric pressure inside the aircraft, known as cabin alti¬ 
tude. The cabin altitude can be adjusted from sea level to 
a maximal differential (usually 5000 to 6000 ft) depend- 
ing on patient requirements and aircraft operations. An 
aircraft flown with a sea-level cabin altitude will not 
experience any of the effects of high altitude, but this 
could have a negative effect on the operation of the air¬ 
craft. Because of the pressure differential, the aircraft 
might need to be flown at a lower flight altitude to allow 
for the sea-level cabin pressurization. This lower flight 
altitude might increase the fuel burn (possibly requiring 
a fuel stop), slow the aircraft and thus increase transport 
time, and expose the aircraft to more severe weather con- 
cerns. Documentation of the cabin altitude during the 
patient transport should be included in the patient 
transport record. If for any reason flight cabin altitude 
may compromise the patient’s condition, medical Con¬ 
trol should be contacted. 

Most large twin-engine airplanes have pressurization 
systems. There are no helicopters with pressurization sys¬ 
tems. It is imperative that the transport team be aware of 
an aircraft’s abilities and limitations before employing the 
vehicle in patient care. 


Nitric Oxide 

The use of nitric oxide for the treatment of some congenital 
cardiac diseases and pulmonary hypertension in the neona¬ 
tal and pediatric population is well established in the litera- 
ture. 36 At many community hospitals, nitric oxide may also 
be administered to some very low birth weight premature 
infants to potentially lower the risk of lung and brain dam¬ 
age. Therefore it is likely that the number of requests to 
transport a patient already receiving nitric oxide will con- 
tinue to increase. Furthermore, the beneficial effects of ni¬ 
tric oxide in the stabilization and transport of critically ill 
neonatal and pediatric patients may require transport 
teams to initiate the use of nitric oxide before transport. 37 
The transport respiratory therapist must be able to inte- 
grate the nitric oxide delivery device with the patient’s ven¬ 
tilator and monitor the various gas levels. As with all trans¬ 
port equipment, the nitric oxide delivery device should be 
as lightweight as possible, should be both electrically and 
battery operated, should not interfere electromagnetically 
with aircraft navigation or communication equipment, and 
should be ruggedly constructed. 34 The nitric oxide delivery 
device and the cylinder should be well secured for the dura¬ 
tion of transport. A considerable amount of study has been 
focused on the exposure of the transport team to exhaled 
nitric oxide and on the scenario of a catastrophic release of 
gas from a nitric oxide cylinder within the small working 
area of an ambulance or aircraft. The results have shown 
that the high air exchange rates within ambulances and 
aircraft and the low doses of nitric oxide used make envi- 
ronmental nitric oxide toxicity unlikely. 33 

SAFETY OF TRANSPORT 

Every transport program (air or ground) must provide a 
safe work environment. There should be a structured 
safety program in place to protect both the patient and the 
transport team members. 16 This program should include 
the following: 

• A safety officer 

• An incident reporting process 
Strict safety policies that are enforced 

• Annual safety training 

Regularly scheduled transport safety committee meetings 
Regular safety assessments 

Recommendations and actions from the transport 
safety committee must be linked to the transport pro- 
gram’s performance improvement program. Safe perfor- 
mance in the transport environment starts with properly 
trained and educated personnel. Didactic education 
should include the following: 

Disease physiology and how it relates to transport 

• Safety 
Communications 
Stress management 
Survival training 

Legal aspects of transport 
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Whenever possible, opportunities to practice classroom 
instruction in the back of an aircraft/ambulance during 
actual operations are invaluable. Many programs now have 
mockups of vehicles in which to practice patient care in a 
transport environment. 

The use of red lights and sirens (RLS) should be mo¬ 
nitored and addressed because overuse has been shown 
to increase risk to the patient, public, and caregivers. 40 ' 42 
Every transport program should have a post-accident/ 
incident action plan (PAIP). 16 The plan should include the 
process for notification of the following in the event of an 
accident involving the transport team: 

Transport team management 
Hospital administration 
Physicians 
Risk management 
Transport team members 
Transport team families 
Public affairs 
Media 

ACCREDITATION 

The transport program must be in compliance with local, 
State, and federal regulations related to the transport of 
neonatal and pediatric patients. Regulations that involve 
the following all have an effect on the transport of pa¬ 
tients, documentation requirements, team composition, 
equipment and supplies, and transfer/transport consent 
forms. 

Certificates of need 

City/county/state/federal licensure 

Emergency medical services State health departments 

Consolidated Omnibus Budget Reconciliation Act 

(COBRA) 

Emergency Medical Treatment and Active Labor Act 
(EMTALA) 

Centers for Medicare and Medicaid Services (CMS) 
Federal aviation regulations (FARs) 

Federal Aviation Administration (FAA) 

The program director must be knowledgeable about all 
these regulations and requirements. The transport staff 
mus t also be aware of and understand the regulations that 
influence the day-to-day operations of the program. 

The Commission on Accreditation of Medical Trans¬ 
port Systems (CAMTS) is a peer-review organization 
comprised of 21 transport-related organizations that of¬ 
fers a program of voluntary evaluation of compliance 
with a set of accreditation standards. The core elements 
of the standards include aircraft/ambulance configura- 
tion, Communications, legal requirements, maintenance, 
management, pilots and drivers, medical direction, scope 
of care, safety program, scheduling, and training and 
education of personnel. By participating in the volun¬ 
tary accreditation process, transport teams can verify 
their adherence to quality standards to themselves, their 


peers, medical professionals, insurance companies, and 
the general public. At present several different States and 
counties require the CAMTS standards as the minimal 
standards required of transport teams for State and 
county licensing. 

KEY POINTS 

• The transport of critically ill neonates and pediatric 
patients is a very specialized level of care requiring 
extensive training as well as clinical experience of the 
staff. Team composition may vary but typically these 
teams are staffed by specially trained registered nurses 
and respiratory therapists. Each team member brings 
a needed level of critical care found in neonatal and 
pediatric intensive care units to the patient. Discuss 
and recognize the importance of team composition, 
roles, and education. 

• The transport of critically ill neonates and pediatrics 
patients can occur via ground or air depending on the 
distance needed to be traveled. Ground ambulances 
are common transport vehicles as they are the least 
expensive to operate versus any aircraft. They offer the 
advantage of direct hospital-to-hospital transfer and 
large space for transport staffas well as equipment. 
Disadvantages included road noise/vibration, potential 
slow response due to road conditions including traffic 
and weather. Rotor wing aircraft offer fast transport in 
distances less than 150 miles and often can provide 
hospital-to-hospital transfer. Disadvantages of rotor 
wing aircraft include high cost of operation and limited 
cabin space for medical team and patient. Fixed wing 
aircraft are typically less expensive to operate than 
rotor wing aircraft. Fixed wing aircraft are typically 
utilized for distances over 1 20 miles and can fly long 
distances. Disadvantages of fixed wing aircraft include 
the need for an airport to land, and thus an ambu¬ 
lance transfer at both ends of the flight. Review and 
compare the caveats of each mode oftransport. 

• Communication is extremely important during medical 
transport. As technology has improved the ability to 
contact medical control in any mode oftransport had 
become easier. The use of cell phones, radios, and 
even Internet-capable tablet device offer multiple 
advantages Explain the role of communication during 
a medical transport. 

• The equipment needed for transport of critically ill 
neonates and pediatric patients needs to provide 
critical care found in intensive care units but must 

be portable and lightweight. Equipment should have a 
long battery life or have the capability to interchange 
batteries while the equipment is in operation, List 
the specific equipment needed for pediatric transport. 

• Patient assessment in the transport environment 
can be a challenge versus hospital-based care assess- 
ments. Utilization of monitors, alarm conditions, 
and visual assessment of the patient is very impor¬ 
tant. Demonstrate how to provide a patient assess¬ 
ment in a nontraditional environment. 
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• Safety during medical transport of neonate and pediatric 
patients is imperative not only for the patient but also 
for the medical crew. Utilization ofred lights and 

siren during ground ambulance transport needs to be 
evaluated as this can significantly increase the danger 
to the public as well as patient and medical crew. Safe 
operations also must be conducted around aircraft. 

• Accreditation of transport program services is primaril y 
provided by the Commission on Accreditation of 
Medical Transport Services (CAMTS). This organiza- 
tion offers peer-reviewed standards vetted by multiple 
specialists involved in medical transport. Review safety 
and accreditation requirements for pediatric transport 
agencies. 


I ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. Rapid transport of a neonate or a pediatric patient 
with a serious illness or trauma to a specialty facility 
can result in which of the following? 

A. Improved outcomes 

B. No difference 

C. Worse outcomes 

D. Unknown 

2. Which of the following is the single most important 
asset in transport? 

A. Aircraft 

B. Lifesaving equipment 

C. Ambulance 

D. Personnel 

3. How many transports are typically required to justify 
a dedicated team? 

A. 300 to 500 

B. 500 to 700 

C. 700 to 900 

D. 1000 to 1200 

4. What is the single largest expense ofa transport team? 

A. Personnel 

B. Transport vehicles 

C. Transport ventilators 

D. Cardiopulmonary monitors 

5. What types of alarms are preferred in transport? 

A. Audible 

B. Visual 

C. Both audible and visual 

D. None 

6. Why should mechanical ventilators be used during 
transport? 

A. Many of them offer the same level of support as 
ICU ventilation. 

B. They help prevent hyperventilation associated with 
manual ventilation. 

C. Monitoring of pressure, tidal volume, and minute 
ventilation can be achieved with appropriate alarm 
functions. 

D. All of the above 


7. Many transport teams are offering point-of-care testing 
with a portable biood gas analyzer for what reasons? 

A. It reduces stabilization times and improves quality 
of care. 

B. Many biood gas analyzers are small and battery 
powered. 

C. It compensates for clinical assessment skilis. 

D. A and B 

8. The simple goal of the transport team is to: 

A. Transfer the patient in the most stable condition 
possible 

B. Transfer the patient within the “golden hour” 

C. Scoop and run 

D. N one of the above 

9. According to Boyle’s law, what will the endotracheal 
tube cuff pressure do when the aircraft climbs in 
altitude? 

A. Remain the same 

B. Increase in pressure 

C. Decrease in pressure 

D. The pilot balloon pressure will increase, but the 
ETT cuff pressure will remain constant 

10. Every transport program should have a: 

A. Rescue plan 

B. Backup plan 

C. Post-accident/incident action plan 

D. Media coverage plan 
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The Child with a Tracheostomy 
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Airway Suctioning 

Financial Resources 

Decannulation and Tube Changes 

Home Assessment 

Humidification Systems 

Durable Medical Equipment and Supply 

Communication and Speaking Valves 

Home Care Personnel and Community Resources 

Activities of Daily Living 

Communication with Discharge Planning Team 

Mechanical Ventilation in the Home 

Barriers That Delay Discharge 

Family Preparation 

Oxygen Therapy at Home 

Selection of the Ventilator and DME Provider 

Liquid Oxygen System 

Common Delays to Discharge Home 

Oxygen Concentrators 

Home at Last 

Oxygen Cylinders 

A Successful Transition Home 

Apnea Bradycardia Monitors 


Monitor Placement 


Caregiver Education 


LEARNING OBJECTIVES 

After readiag this chapter the reader will be able to: 


1. Discuss the critical components ofa discharge plan for 

5. List the essential components ofa trach-to-go bag 

the child who is respiratory technology dependent 

6. Recognize the need for decannulation and changing 

2. Recognize barriers that may delay the hospital 

the tracheostomy tube 

discharge ofa child who is respiratory technology 

7. Discuss how caregivers are best prepared in caring for 

dependent 

a ventilator-dependent child at home 

3. Compare the three types of oxygen systems available 

8. Discuss the considerations needed in selecting the 

for use in the home 

home ventilator and the home medical equipment 

4. Describe the procedure used to attach the apnea- 

provider 

bradycardia monitor and the scenarios in which a 


monitor is indicated 


KEY TERMS 


Decannulation Durable medical equipment (DME) Medicaid 

Discharge planner Home assessment Plan of care 


Advances in pharmaceuticals and medical devices have 
now made it possible for parents and health care profes¬ 
sionals to care for infant and pediatric patients who are 
technology dependent. Today an unprecedented amount 
of that medical care is being provided in the child’s home. 
The reasons are many for this shift toward care at home. 


Medical equipment is now more portable and better able 
to accommodate home care needs. There is also the ever- 
increasing pressure to reduce health care costs and shorten 
hospital stays by expediting the transition from hospital 
to home. Perhaps most important is the growing belief 
that prolonged hospitalizations have a negative impact on 
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the development of infants and children and therefore 
the home is the optimal setting for the medically stable, 
technology-dependent patient. 1 

In 1981 the move toward caring for technology-dependent 
children at home caught national attention when, during a 
press conference, President Ronald Reagan cited the case of 
3-year-old Katie Beckett. Katie had been hospitalized since 
she was admitted at 3 months old with viral encephalitis. 
Regulations at that time mandated that she remain in the 
hospital in order for Medicaid to cover her medical bilis. Two 
days after that press conference, the Secretary of Health and 
Human Services waived the rules that were preventing Katie 
from being discharged to her home, where she could be 
treated far less expensively. Only a few months after that, a 
waiver program was established that enables a child living at 
home to receive Medicaid-funded long-term care services. 
That program remains in place today and is often referred to 
as the Katie Beckett waiver. 1 

DISCHARGE PLANNING: THE 
DECISION TO GO HOME 

Discharge planning is defined as a plan for a patient’s con- 
tinuum of care during transition to home or other facility. 
Upon arrival, neonatal and pediatric intensive care facili- 
ties are moving toward planning for discharge to an alter¬ 
native site of care. 

Alternative sites may include the child’s home, foster 
care, long-term care facilities, and hospice care. The intent 
for discharge planning is to reduce the hospital stay, which 
minimizes medical costs and risk of additional infection. 
These infections could include ventilator-associated pneu¬ 
monia (VAP), methicillin-resistant Staphylococcus aureus 
(MRSA), and vancomycin-resistant enterococci (VRE). 

Central to the discharge planning process is a multidisci- 
plinary team of health care professionals who work together 
to establish an appropriate discharge plan (Box 35-1). 
Extensive collaboration between the team and the parents is 
necessary to ensure that discharge planning is achieved 


Multi-disciplinary Health Care 
Professional Team Members 
Involved in a Discharge 

1. Discharge planner 

2. Social worker 

3. Physician (On-service in unit) 

4. Postdischarge physician 

5. DME provider 

6. PDN services 

7. Insurance case management 

8. Occupational therapist 

9. Physical therapist 

10. Respiratory therapist 

11. Speech therapist _ 

DME, Durable medical equipment; PDN, private duty nursing. 


properly. ' This team of health care professionals may in¬ 
clude a discharge planner—a medical staff member desig- 
nated to assist in the discharge planning, social worker, and 
physician on-service in unit and postdischarge physician, as 
well as private duty nursing (PDN) services and, if applica- 
ble, insurance case management. Another important role is 
provided by the durable medical equipment (DME) pro¬ 
vider. Durable medical equipment is the medical equipment 
used by patients in the home or in a facility to aid in provid- 
ing a better quality of living. Additional team members may 
also include the occupational therapist, physical therapist, 
respiratory therapist, and speech therapist. All these mem¬ 
bers are integral parts of the team and are helpful in estab- 
lishing the home plan of care. 

Before making the decision to provide home care for a 
child dependent on technology, a discharge plan is devel- 
oped. 4 This plan is often referred to as a plan of care, which 
is defined as a written and detailed plan implemented to 
meet the medical needs of the patient. Critical compo- 
nents of this plan of care include the following: 

Social: Assessment of patient and family needs as well 
as Identification and education of in-home caregivers. 
Financial responsibility: Assessment of available financial 
resources, such as private insurance versus State Medicaid 
programs. A Medicaid program is a health insurance plan 
provided by the State and federal government for qualify- 
ing low-income individuals and families. 

Home assessment: An evaluation of the home environ- 
ment in which a ventilator-dependent child is to reside. 
Providers in home: Identification and availability of 
medical equipment and health care resources. 
Communication: Open communication between the 
parent/caregivers and the discharge planning team. 
Barriers: Recognition of barriers that may delay the dis¬ 
charge home. 

Patient and Family Assessment 

The entire discharge planning team should meet and as- 
sess the needs of both the child and family. Before the 
discharge home, the child must be medically stable and 
receiving optimal ventilatory, nutritional, and develop- 
mental support. 4 Assessment includes evaluation of the 
family’s ability, availability, and commitment to care for 
their child as well as a psychosocial assessment for parent- 
ing risk factors that could potentially result in adverse 
outcomes. 6 Limitations, including language, physical, and 
cognitive, may delay discharge until appropriate support 
can be provided to family to help overcome these barriers. 

The family’s involvement is critical to the health and 
well-being of the child/ Involvement of bedside care is 
critical for the parent or caregiver so that a “norm” can 
be established. Involvement may include tracheostomy 
changes, following established feeding regimens, and 
evaluation of alarms that may occur. Additional time is 
required for the DME provider to conduct caregiver train- 
ing regarding equipment and supplies needed in the home. 


Box 35-1 
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After training is complete, the parent or caregiver should 
be able to return demonstration of the equipment by 
explaining usage and cleaning procedures. All progress on 
training must be reported back to the discharge planning 
team. The private duty nursing agency must also meet 
with the family to familiarize themselves with the care¬ 
giver, patient, and plan of care. 

Checklists have been found to be a useful tool so that 
all discharge planning team members may see the status of 
the parent or caregiver skili base. Some facilities use con- 
tracts with caregivers to outline expectations in the home. 

Identification and Education 
of In-Home Caregivers 

In most situations at least two people, usually the parents, 
are identified as the primary caregivers. These caregivers 
must have the ability and commitment to learn and actively 
participate in the child’s care at home. The educational 
component of the discharge plan includes training not 
only the primary caregivers but also any other individuals 
who identify themselves as a support person for the child 
(i.e., grandparents, extended family, and close friends) and 
even the child to the greatest extent possible. Because there 
are many aspects to consider as part of the discharge plan¬ 
ning process, the DME provider begins the training of 
home care equipment and supply at the time the referral is 
made. This is done to ensure that all necessary paperwork, 
insurance verifications, and home assessments are com¬ 
pleted. Also, a planned emergency escape route from the 
home will need to be discussed with the caregiver. 

All education, whether knowledge or skiil based, must 
be consistent and at the level of understanding of each 
participant. 9 Keep in mind that the level of care that par¬ 
ents of technology-dependent children are expected to 
provide is far beyond that normally expected of parents. 
Mastery of the skilis requires both material knowledge and 
practical experience. Training should be provided by an 
experienced professional who can also recognize unvoiced 
needs of the primary caregivers. A training manual that 
includes a detailed checklist is a useful tool to organize the 
required skilis and help avoid missing any essential steps. 
It also assists in providing consistent education while serv- 
ing as a resource for the caregivers (Box 35-2). Because 
most individuals obtain more information by actually 


Box 35-2 


Essentials ofa Home Care Training 
Manual 


Basics ofanatomyand physiology 

Orientation checklist 

Supply list of equipment and supplies 

Special care procedures (tracheostomy care cleaning, 

emergency procedures) 

Equipment manuals 


performing procedures, it is imperative that the caregiv¬ 
ers be given the opportunity to perform hands-on care 
with the child in a controlled hospital environment. With 
the hospital staff assuming a supportive role, the caregiv¬ 
ers should provide as much hands-on care of the child as 
possible. Participating in mock scenarios also provides 
opportunities to problem solve and practice skilis and 
emergency techniques. 111 

Caregivers, especially those with children who require a 
tracheostomy or ventilator, are required to participate in 
an in-hospital trial or rooming-in period in which they are 
responsible for the total care of their child. The goal of this 
period is to build confidence in their ability to care for 
their child while also offering an opportunity for backup 
assistance and coaching. While rooming-in, the caregivers 
are responsible for all routine care (i.e., feeding, bathing, 
dressing), respiratory care (i.e., treatments, ventilator 
checks, suctioning), medication delivery, equipment clean¬ 
ing and troubleshooting, and arranging for relief periods 
with co-caregivers. Before discharge, they must have dem- 
onstrated knowledge and competency as well as be inde- 

pendent in successfully handling all aspects of their child’s 

i i-n 

care. 

Financial Resources 

In today’s managed care arena, high cost and inadequate 
funding of care are usually the major obstacles to provid¬ 
ing quality care at home. Funding necessary to provide 
long-term care to the technology-dependent child varies, 
depending on the complexity of care required, the level 
of parental capability, and responsibilities the parents 
may have (e.g., other children, work outside the home). 
Although home care costs are usually less than the cost for 
care in the hospital, parents often find that their insurance 
does not cover 100% of the cost at home as it did in the 
hospital. These nonreimbursable costs may be for home 
equipment and supplies, transportation to and from the 
hospital and clinics, and even changes made to the home 
in order to accommodate the child and equipment. Inad¬ 
equate reimbursement creates a financial hardship for 
families and may be cause for DME providers and nursing 
agencies to refrain from providing services to the child. 
Limited payment for home care equipment and personnel 
has in many cases limited the scope and practice of 
mechanical ventilation in the home and delayed discharge 
for months. This has led professional societies to work 
together to create expert guidelines for mechanical ventila¬ 
tion outside the intensive care unit. 14 

Because professional care can be costly, it is essential 
to establish a solid financial plan to fund this care long 
before discharge. It should be determined early whether 
the insurance policy has a limit on medical equipment, 
supplies, and home care resources. The funding source 
must cover the cost of equipment, supplies, and profes¬ 
sional services, such as skilied nursing and physical, occu- 
pational, and speech therapies. In most cases, insurance 
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will fund these needs as long as the patient meets the cri- 
teria of medical stability, and the physician certifies a plan 
of care and completes a certificate of medical necessity. 
There should be continued communication with the 
child’s insurers. A case manager is usually assigned by the 
payer to monitor care and ensure it is cost effective. Notify- 
ing the case manager early in the discharge process is 
essential in order to maximize the available dollars. In 
many cases, the home medical equipment provider is the 
expert on reimbursement for home medical supplies. 15,16 


medical equipment in the room can cause a small room to 
heat up quickly, and some mechanical ventilators will shut 
down if the temperature exceeds a certain level. 

The electrical circuitry of the home must be evaluated 
to determine whether there are a sufficient number of 
grounded electrical outlets to provide safe operation of the 
equipment. Because multiple pieces of equipment may be 
running simultaneously, the household circuitry must 
support the total amperage of the equipment to be sup- 
plied. If not, another circuit breaker must be installed. 


Home Assessment 

Depending on the home equipment needed, an on-site eval- 
uation of the patient’s home may be required before dis¬ 
charge to address any concerns or problems in the home 
environment. The evaluation includes assessment of the 
physical space, electrical capabilities, heating/cooling sys¬ 
tem, in-house water supply, availability of 24-hour telephone 
access, and geographic location of the home (Box 35-3). With 
many modern families only having cellular phones and 
financial limitations restricting some families’ access to land¬ 
lines, the DME and PDN companies meet many limitations 
regarding communication with caregivers. It is best to 
address these issues early in the discharge planning process 
so that adequate time is available to make any necessary 
changes. 

It is essential that the house be fully accessible for the 
child and the home care staff. There must be enough room 
for the child and equipment to be easily moved in and out 
of the home. Children who are ventilator dependent ide¬ 
ally need a bedroom of their own so that family members 
are not disturbed by the care needed during sleep or the 
nursing staff. The bedroom must be large enough to ac- 
commodate the medical equipment as well as a comfort- 
able chair for the nurse to use. An area for supplies and 
equipment storage should be designated and counter 
space made available for cleaning small equipment and 
reusable items. The room must be climate controlled, with 
proper ventilation, and free of drafts. The amount of 


Box 35-3 


Checklist for Home Assessment 


Adequate electrical power and wiring 
Appropriate heating/cooling system 
Working smoke detectors 
Satisfactory Iighting 

Sufficient space in bedroom for equipment 

Counter space to clean equipment 

Storage space for equipment 

Ampie physical space for nurse/caregiver to work 

Door sizes to accommodate child and equipment entry 

Steps or wheelchair ramps to access home 

Telephone service to initiate 9-1-1 service 

Emergency escape route planned 

Fuse/breaker box labeled 


Durable Medical Equipment 
and Supply 

Durable medical equipment includes any product or de¬ 
vice (Box 35-4) that is used by patients in the home or in a 
facility to aid in providing a better quality of living. The 
equipment required depends on the child’s medical condi- 
tion. The company that supplies this equipment is referred 
to as the DME provider. Additional equipment may be 
needed at each site that the child attends (i.e., daycare, 
school). Equipment that will be used at home should 
be used in the hospital first so that caregivers can become 
familiar and proficient with its use. Any differences in its 
use at home should be addressed before discharge. 8 

When selecting a DME provider, the following must be 
considered: 

1. Does the provider supply all the equipment needed? Many 
providers are no longer supplying apnea monitors. It 
may also prove difficult to find one that provides tra- 
cheostomy and ventilator supplies. 

2. Does the provider have a contract with the child’s health care 
insurer, or is it considered out-of-network? Caregivers are re¬ 
quired to pay much less for the equipment and supplies 
when an in-network provider is selected. 

3. Does it employ respiratory therapists who are trained to provide 
the patient/caregiver with education, psychosocial support , and 
physical assessment needed for children who require specialized 
respiratory equipment and supplies? 

4. Does it provide service to the area in which the child lives? It is 
essential that the selected DME provider have a pediat- 
ric staff that is available for consultation and emer¬ 
gency coverage 24 hours a day, 7 days a week. 


Box 35-4 


Examples of Durable Medical 
Equipment 


1. Air compressor 

2. Oxygen concentrator 

3. Mechanical ventilator 

4. Continuous positive airway pressure (CPAP) systems 

5. Bilevel positive airway pressure (BiPAP) systems 

6. Wheelchairs 

7. Infusion pumps 

8. Suction machines 

9. Pulse oximeter 

10. Apnea bradycardia monitor 
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HOME CARE PERSONNEL 
AND COMMUNITY RESOURCES 

Home care involves cooperation and collaboration be- 
tween the hospital and the home nursing and community 
services. The visiting nurse or home care agency that 
will be supporting the child at home is contacted before 
discharge and given therapy and medication regimens, a 
follow-up appointment Schedule, and instructions on gen¬ 
eral care of the child. These instructions include recogniz- 
ing signs that would indicate the child is becoming ill and 
how to seek medical help. Acknowledgment of the parents 
as experts in the care of the child is an essential point dur¬ 
ing the education of the nursing and DME providers. 
Some caregivers may even choose to assist in teaching the 
home care staff about the needs of their child. Home care 
nurses must be educated on use of the medical equipment 
that will be in the home. This training is most often made 
available by the DME provider. If the child is of school age, 
the teachers and school nurse also need to understand any 
special needs and limitations the child may have. Respite 
services and emergency staffmg in case the caregiver is ill 
should also be included in the discharge plan. 8 

Before discharge, a primary care provider is identified 
and an initial appointment scheduled. It is imperative 
that the designated primary care provider be one who is 
agreeable to caring for a technology-dependent child. 
Not every physician is willing to assume responsibility for 
a medically fragile child who is moving into the home 
environment. Unfortunately, failure to obtain a primary 
care provider can delay discharge home. Appointments 
for follow-up care with each physician specialist (e.g., 
surgery, pulmonary, otolaryngology) should also be 
arranged before discharge, with every effort made to 
Schedule the appointments together on the same day. 
This not only decreases the burden on the family but has 
also proven to improve compliance. Each family is given 
a telephone list that includes the office and emergency 
phone numbers of the child’s physicians and community 
resources (Box 35-5). 


Health Care and Community 
Resources Telephone List 

The resource telephone list should include phone numbers for 
the following: 

• Listing of physicians involved in care, including specialties 

• Hospital to which patient would be transported to in 
case of emergency 

• Pharmacy 

• Durable medical equipment provider 

• Private duty nursing agency 

• Therapies: occupational, physical, speech 

• School and daycare 

• Insurance contact 

• Utility companies 


Public awareness is a vital part of the technology- 
dependent child’s acceptance back into the community. 
The local Utility company must be informed that for 
medical reasons the child is dependent on electricity. This 
information is provided through a letter signed by the 
physician. Having the letter on file allows the company to 
make it a high priority to restore electricity to the home in 
the event of a power outage and may even qualify the fam¬ 
ily for a discounted rate. A similar letter stating that the 
child needs a functioning communication system is sent 
to the telephone company. The water and sewage com¬ 
pany as well as the local emergency medical service provid¬ 
ers are also contacted and provided with information 
concerning the child’s medical condition. Some emer¬ 
gency medical service or volunteer departments have little 
or no experience in caring for a child with a tracheostomy 
or who is ventilator dependent. In that case special train¬ 
ing should be arranged and a plan developed for the 
child’s needs before discharge. Such community aware¬ 
ness allows for a smooth transition from the hospital to 
the home and to the school environment. 

Communication with the Discharge 
Planning Team 

When parents are overwhelmed by the uncertainty of their 
child’s condition and future, they often develop unrealistic 
expectations of outcomes, time frames, and discharge 
dates. Open communication with the discharge planning 
team is key to providing a successful discharge home and 
preventing readmission to the hospital. The purpose of 
the initial meeting is often simply to determine whether or 
not home care is suitable and manageable for the child. 
Patient care conferences in which the family and the dis¬ 
charge planning team candidly discuss the needs of the 
child and what they will face at home should continue at 
strategic points during the discharge process. These con¬ 
ferences provide an opportunity for the family to meet the 
home health providers, including nurses and respiratory 
therapists, and to voice any questions or concerns they 
may have. The meetings should focus on establishing the 
needs of the family and the child as well as providing a 
detailed plan for discharge and discussing any problems 
that may affect its success. It is during these meetings that 
the home care therapist clarifies the time frame in which 
training and equipment setup must be completed. Because 
the child and family’s needs often change over time, this 
also provides an opportunity to review the family’s needs, 
how they are managing, and progress toward the home 
care goals. 8 

Barriers That Delay Discharge 

Many technology-dependent children remain hospitalized 
for extended periods even though they are considered 
medically stable. Unfortunately, it is often a nonmedical 
reason that delays the discharge. These barriers may in¬ 
clude the inability to obtain a safe home environment or 


Box 35-5 
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alternative care site, lack of financial resources, or uncoop- 
erativeness within the family. Diverse sociocultural back- 
grounds, including problems stemming from language, 
can impact communication and the learning needs of the 
caregivers. Delays in obtaining medical equipment or a 
provider for the equipment will in turn delay beginning 
the education for the caregivers. Other barriers to dis¬ 
charge include the inability to provide home nursing or 
community resources as well as fading to identify all perti- 
nent problems or needs. 4,17 ' 19 

OXYGEN THERAPY AT HOME 

Unlike adults, in whom measurement of the arterial par¬ 
tial pressure of oxygen is considered critical, the need for 
home oxygen therapy for infants and children is estab- 
lished on the basis of oxygen saturation as measured by 
pulse oximetry. 1,20 Although some children will require 
oxygen for many years, the majority who are discharged 
home with oxygen need it for a limited period. Eventu- 
ally they will require it only at night, and then wean off 
completely. 

The three types of oxygen systems available for the 
home environment are liquid oxygen, oxygen concentra- 
tors, and compressed oxygen cylinders. Selection of the 
system is commonly the responsibility of the DME pro¬ 
vider. Regardless of the type of oxygen system provided, it 
is essential that the DME provider be advised of the spe- 
cific flow rate the child requires. This will determine which 
flow meter to use with the system. Although there are flow 
meters available that provide “microflows” with readings 
as low as 0.025 L/min, some clinicians do not advocate us- 
ing them. When weaning from oxygen begins, the majority 
of infants are often decreased to 0.1 L/min and do not re¬ 
quire lower flows before going to room air. There is also 
some concern that a caregiver could become confused by 
the decimal points and inadvertently administer the incor- 
rect flow. 20 

Before discharge home, the child’s caregivers must 
receive the oxygen equipment and successfully complete 
training in its use. If the child attends daycare or school, 
then arrangements should also be made to instruct 
responsible staff and teachers in use of the equipment. 

Liquid Oxygen System 

The liquid oxygen system consists of a base unit reservoir 
and a small, portable canister used for patient transport 
(Figure 35-1). The canister weighs 8 to 10 lb and is carried 
with a shoulder strap or rolling cart. When the canister 
becomes empty it is refilled from the base unit. The base 
unit has a flow meter that can deliver oxygen at low to high 
flow rates. Most systems have interchangeable flow meters 
that range from 0.08 to 15 L/min. 

Advantages to this system are that no electricity is re- 
quired and little noise is produced. Also, some caregivers 
prefer to use the canister for transport rather than an oxygen 


i 
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FIGURE 35-1 Stationary liquid oxygen (LOX) system with a 
portable system capable of being refilled by the patient or family. 

cylinder. A disadvantage to using this system is that the base 
unit requires regular refilling by the DME provider. Fre- 
quency depends on both the oxygen flow rate and the size of 
the reservoir and can be as often as once a week to every other 
month. Another disadvantage to the liquid oxygen system is 
that it vents continually to prevent pressure from building 
within the reservoir, resulting in a loss of oxygen regardless 
of whether the flow is on or off. Caregivers must therefore 
be reminded that liquid oxygen will evaporate and porta¬ 
ble units should be checked for contents and filled just 
before use. 

Oxygen Concentrators 

First produced in the 1960s, the oxygen concentrator is an 
electric device capable of separating oxygen from nitrogen 
in room air, collecting the oxygen, and then dispensing it 
through a flow meter (Figure 35-2). 22 Most concentrators 
provide greater than 90% oxygen. On some concentrators 
the flow meters can be changed to provide low flow rates 
(Figure 35-3), whereas others have dual flow meters to ac- 
commodate the varied needs of the patient (Figure 35-4). 
The DME provider needs to evaluate each concentrator’s 
specifications before use with pediatric patients to ensure 
it can be used with low flows. When using concentrators, 
oxygen cylinders are provided for the patient to use for 
transport and for backup in the case of an electrical power 
outage. 

As long as there is an electrical source, an oxygen con¬ 
centrator provides an unlimited supply of oxygen and does 
not need to be refilled. It can be easily moved from room to 
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FIGURE 35-2 Oxygen concentrator. 



FIGURE 35-3 Close-up view of the low-range flow meter on an 
oxygen concentrator. 


room and requires minimal maintenance. However, the 
concentrator’s motor may produce additional heat and 
noise. Caregivers may notice that use has resulted in an 
increase in their monthly electrical biil. 

Oxygen Cylinders 

A compressed gas cylinder is usually made of seamless alu- 
minum or fiberglass so that it can be as lightweight as 



FIGURE 35-4 Oxygen concentrator with dual flow meters set at 
different flow rates. 


possible. Oxygen cylinders are considered a cost-effective 
method of providing oxygen because they do not require 
electricity and can be stored for a long period without leak- 
age. The major disadvantages of cylinders are the storage 
space required and the potential safety hazards as a result 
of the gas being contained under high pressure. Although 
the cylinders are smaller, they may still seem a bit more 
bulky than the liquid oxygen canister. 

Portable cylinders are available in a variety of sizes and 
are identified by letter designations. At one time the E 
cylinder was the smallest available in portable cylinders, 
making liquid oxygen the number one choice for pediat¬ 
ric patients. Today, however, compressed gas cylinders are 
gaining in popularity thanks to the availability of smaller 
cylinders with custom carrying cases and regulators that 
allow flows as low at 1/32 lpm. This is ideal for patients 
who are graduates of the NICU and needing the smallest 
amount of flow. 


APNEA-BRADYCARDIA 

MONITORS 

An apnea-bradycardia monitor, more commonly referred 
to as an apnea monitor ; is a portable machine that nonin- 
vasively monitors an infant’s respiratory rate and heart 
rate. When there is apnea beyond a preset time limit, or 
when the infant’s heart rate falls below or exceeds preset 
limits, an alarm will sound to notify the caregivers. Rather 
than being purchased by the caregiver, an apnea monitor 
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is usually rented from a DME provider, because they are 
usually only needed for a short time. There are various 
apnea-bradycardia monitors that also incorporate a pulse 
oximeter. 

For effective monitoring, monitors should be equipped 
with an event recorder that is able to capture and store 
cardiopulmonary events. The events are provided in a 
printout, commonly known as a download. Downloading 
is the process by which the information stored in the 
monitor is retrieved. At one time, the DME provider could 
perform a download for the information over the phone. 
This would require a hard-wired phone line or landline to 
download the appropriate software via a modem from the 
DME provider. With the majority of people using cellular 
phones and no longer having a hard-wired phone, the 
option of downloading via modem is obsolete. This re- 
quires the DME provider to go to the patient’s home or 
physician’s office and complete the download with a direct 
connection. A laptop is used to store the information, 
which is then sent on to the physician. The download con- 
tains a printout of waveforms; a log of the events, includ- 
ing the frequency of alarms and how low the heart rate 
dropped; and the frequency of monitor use. The informa¬ 
tion obtained can be used to distinguish the type of apnea, 
decide the type of medical treatment needed, and deter- 
mine compliance and when to discontinue the monitor. If 
a child lives a long distance from the DME provider, a sec- 
ond monitor may be placed in the home for convenience of 
the DME provider and is not usually covered by the insur- 
ance. To have consistent, consecutive data when down¬ 
loading the memory, it is recommended that only one 
monitor be used and the other kept solely for backup in 
case of monitor malfunction. 

Monitor Placement 

An apnea monitor may be considered medically necessary 
for infants who meet the following conditions: 

Elave apnea of prematurity, which is defined as docu- 
mented episodes of periodic breathing that result in 
prolonged apnea (20 seconds or greater) or bradycardia 
(heart rate less than 80 beats/min). Because the neuro- 
logical breathing control mechanisms may not have 
matured by the time a newborn is ready for discharge 
home, an apnea monitor may be required to monitor 
the infant when a caregiver is not in constant atten- 
dance. It is up to the physician to decide when the 
monitor is no longer needed. 

• After receiving theophylline for treatment of apnea or 
bradycardia. The monitor is considered medically nec¬ 
essary until the infant is event free for 2 weeks after the 
medication is discontinued. 

Have experienced an apparent life-threatening event 
(ALTE), which is defined as an episode characterized by 
a combination of apnea, color change, choking, gag- 
ging, or muscle tone change that required mouth-to- 
mouth resuscitation or vigorous stimulation. The 


monitor is used until the infant is event free for 2 to 
3 months. 

Have pertussis with positive cultures. The monitor is 
used for 1 month after the diagnosis. 

• Are diagnosed with gastroesophageal reflux disease 
accompanied by apnea, bradycardia, or oxygen desat- 
uration. The monitor is indicated until the infant is 
event free for 6 weeks. 

Have neurological or metabolic disorders affecting 
respiratory control. 

Have chronic lung disease and are requiring noninva- 
sive or invasive ventilatory support. 

Have two siblings who died of sudden infant death syn- 
drome (SIDS). These infants may be monitored until 
they have remained event free and are 1 month older 
than the age at which their siblings died. Because there 
is no proof that apneic episodes are related to SIDS, the 
American Academy of Pediatrics (Elk Grove Village, IL) 
released a policy statement in 2003 that does not rec- 
ommend apnea monitoring in infants with only one 
SIDS sibling. 23 However, this diagnosis is not usually 
covered by insurance. 

Although an apnea-bradycardia monitor may be a help- 
ful adjunct to monitoring the infant requiring mechanical 
ventilation, use of this monitor is redundant and caution 
should be advised when interpreting alarm conditions. 
The reverse is also true: As long as heart rate is maintained 
and minimal chest excursion occurs, the alarm on the 
monitor will not be activated. However, this does not nec- 
essarily indicate that the ventilator is functioning properly. 
An infant with a tracheostomy is often prone to mucous 
plugging or decannulation. During these potentially life- 
threatening events, the apnea alarm will not be activated as 
long as the infant can struggle against an occlusion in the 
tracheostomy tube or breathe through an open stoma af¬ 
ter accidental decannulation. Likewise, the bradycardia 
alarm usually becomes activated late during this type of 
event. When monitoring an infant with a tracheostomy, 
the clinician and parents must be aware of the potential 
hazards and the limitations of the monitor. 

Caregiver Education 

The DME provider usually trains the parents in the use 
and care of the monitor. Parents are instructed to use the 
monitor whenever the infant is sleeping (naps and at 
night), riding in the car, and anytime the infant is not be- 
ing held or closely watched. To monitor the infant, elec- 
trodes are either stuck on the infant’s chest or held in place 
with a soft belt and the heart rate and respiratory pattern 
are measured by means of a method known as impedance 
pneumography (Box 35-6).The monitor should be placed 
on a table near the infant, not on the floor, and at least 1 ft 
away from electrical devices such as televisions, air condi- 
tioners, telephones, electric water bed heaters, nursery 
monitor intercoms, oscillating fans, and humidifiers. In- 
terference from these devices, although uncommon, may 
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Box 35-6 


Lead Placement for Apnea 
Monitors 


3. 


4. 


1. Wash and dry infant’s chest. Do not use lotions, oil, or 
powders. 

2. Connect electrodes to lead wires, making sure metal tips 
of lead wires are pushed all the way in. 

Place foam belt on a flat surface, then place infant’s back 
on the belt. Line the belt up with infant’s nipples. 

Position electrodes on belt (smooth side up) with each 
electrode under an armpit lined up with infant’s nipples. 
White lead is on infant’s right side, not the caregiver’s 
right (hint: “White is Right”) and black is on the infant’s 
left side, not the caregiver’s left. 

5. Wrap belt around infant’s chest and fasten with Velcro 
tab. Check belt to make sure it is tight, so caregiver can 
fit only one finger between belt and infant’s chest wall. 
Belt may be shortened by cutting it. 

6. Connect lead wires to patient cable. White lead goes to 
cable for right arm (marked RA). Black lead goes to cable 
for left arm (marked LA). 

7. Turn monitor to “ON.” 


affect the monitor’s performance. If items (e.g., diapers, 
toys) are near the monitor, they should be placed so that 
they do not block the displays or muffle the alarms. Care- 
givers should be advised not to allow the infant to sleep 
with adults, children, or pets at any time as well as while 
being monitored because their movement may prevent the 
monitor from working properly. Parents should check 
daily that the monitor’s alarms sound by disconnecting 
the leads from the infant. They should also perform a daily 
inspection of the electrodes, lead wires, and power cords as 
well as a cleaning procedure. A logbook should be pro- 
vided for parents to record the date and time of all events, 
unique observations about the monitor, and any interven¬ 
tion required (i.e., stimulation, resuscitation). The Velcro 
belt can be washed by hånd in soapy water, rinsed well, and 
hung to air dry. Moving the patches just slightly can help 
minimize skin irritation. The belt should be tight enough 
to fit only one finger between the belt and the infant’s 
chest. If the belt is too loose, signals for breathing and 
heart rate will not be picked up and may result in frequent 
loose lead or false alarms. If the belt is too tight, it may 
interfere with the infant’s breathing. Powder, oil, and lo¬ 
tion can disrupt the monitor’s conduction and result in 
false alarms. If skin irritation should become an issue, the 
parent should contact the referring physician for directive. 
Unless traveling outside the home, the apnea monitor 
should be plugged into an electrical outlet so that the bat¬ 
teries can remain fully charged. 

Education for parents also includes infant cardiopul- 
monary resuscitation (CPR) and recognizing the signs of 
apnea. Parents should be instructed to respond to alarms 
by turning on the light if the room is dark and immedi- 
ately checking the infant for signs of breathing. If the 


infant is breathing and skin color is good, parents should 
check the electrode placement, lead wires, and cable. If 
the infant is pale, cyanotic, or not breathing, stimulation 
is immediately required. It is essential that parents be 
taught not to shake their infant as a form of stimulation 
because vigorous shaking may result in severe head and 
neck injury and even death. If the infant does not re¬ 
spond, then CPR is indicated immediately. Any time CPR 
is performed, the infant should be seen immediately by a 
physician. 

Most monitors have built-in algorithms that differenti- 
ate precordial movement from chest wall movement, but 
false alarm conditions are frequent. The most common 
reason for a false alarm is shallow breathing. An infant 
may be having abdominal breathing and the chest wall is 
not moving enough to be recognized as a breath. Lead 
wires that connect the electrodes to the monitor can be¬ 
come loose during vigorous infant activity, often resulting 
in false alarms. There is an increased chance of obtaining 
false alarms when the infant is playing, burping, being fed, 
and moving. Other causes of false alarms are crying, the 
Valsalva maneuver, incorrect lead or belt placement, poor 
skin contact, broken lead wires, and a low battery. Al- 
though there is no way for a parent to distinguish between 
a real and a false alarm when it initially sounds, especially 
if the infant is breathing by the time the parent arrives, 
information obtained from a download will include the 
amount of time the infant did not breathe and what the 
heart rate was at that time. The download can allow for 
differentiation between real apneas and loose lead wires, 
because there is an abrupt drop in the heart rate with a 
loose lead wire instead of the gradual drop that occurs 
with a true apneic event. 

Changes in heart rate may be the source of annoying 
intermittent alarms for which a cause is difficult to find. 
Usually this is from an apneic episode that may not be 
long enough to alert the parents of apnea but that causes 
the heart rate to decelerate and briefly activate the brady- 
cardia alarm. A rare cardiac arrhythmia may also cause a 
similar situation. Proper settings to minimize false alarms 
are important because parents become conditioned to 
most alarms being false. They must be constantly re- 
minded of this phenomenon and encouraged not to delay 
in responding to the monitor when it alerts them. 

PULSE OXIMETERS 

The pulse oximeter is used for continuous monitoring as 
well as “spot checks.” Its use in the home is indicated for 
infants and children who require continuous oxygen ther- 
apy and whose oxygen need varies from day to day or with 
activities, including feeding, sleeping, and playing. By 
monitoring the oxygen saturation, the caregiver has the 
ability to increase or decrease the oxygen flow rate to 
maintain a specific oxygen saturation range. 1 Use of a 
pulse oximeter may also be indicated during the process 
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of weaning from oxygen therapy and to monitor infants 
and children who have a tracheostomy and/or are using 
mechanical ventilation at home. Potential inaccuracies 
associated with oximeter readings may result from poor 
perfusion and excessive movement of the child. 24 

For infants with hypoplastic left heart syndrome, daily 
pulse oximetry spot checks along with daily weighing is 
often part of the home surveillance program after stage 
1 of the Norwood procedure. On discharge from the hos¬ 
pital, parents are given a notebook to record their infant’s 
daily weights and oxygen saturations. They are also pro- 
vided with guidelines about when to notify the health care 
provider with concerns, including contacting their physi- 
cian if the oxygen saturation is less than 70%, if the infant’s 
weight drops more than 30 g in 24 hours, or if the infant 
fails to gain at least 20 g during a 3-day period. The daily 
home surveillance of both oxygen saturation and weight in 
infants who are at increased risk of death before they re¬ 
turn for stage 2 of the Norwood procedure has resulted in 
improved interstage survival. 25 


THE CHILD WITH A 
TRACHEOSTOMY 

Although children receive a tracheostomy for a variety of 
medical conditions, there are three primary indications for 
placement: to provide a stable airway for children with up- 
per airway obstruction, to provide an interface for long- 
term invasive mechanical ventilation, and to allow for 
more effective pulmonary toilet in children with excessive 
secretions or aspiration. Placement of a tracheostomy in a 
child may be a life-saving maneuver, but it has a significant 
impact on the family as well as on socialization and health 
of the child. Parents are concerned that they will never hear 
their baby cry or their child speak. Because of the small 
diameter of the infant and pediatric tracheostomy tube, 
there remains the potential hazard of airway obstruction 
and the child requires constant observation. To minimize 
this risk, adequate humidification, effective suctioning, 
CPR, tracheostomy care with regular tube changes, and 
decannulation are essential components of home care 
management. Because there is little research to guide the 
care of a child at home with a tracheostomy, in the absence 
of scientific data many recommendations are based on 
consensus, the care performed in the hospital, and local 
clinical practice. Unfortunately, many times procedures 
are determined by insurance coverage policies when pay- 
ment limits the type and amount of supplies that will be 
reimbursed. 26 

At least two family members—usually the parents—must 
be identified as primary caregivers and education should 
begin as early as possible. Caregivers must understand basic 
airway anatomy, recognize the signs of respiratory distress, 
and demonstrate how to respond to an emergency. They 
must also be able to demonstrate proper use of the home 
medical equipment (Box 35-7), suctioning technique, how to 


Home Medical Equipment and 
Supplies Needed for a Child with 
a Tracheostomy 

Self-inflating manual resuscitation bag 
Oxygen supplies 

• Stationary and portable oxygen supply systems 

• Oxygen tubing and bleed-in adapters 

Heated humidifier with a tracheostomy collar (to use at 
fight) 

Air compressor or high-pressure concentrator to power 
humidifier 

Heat and moisture exchangers (to use during day) 
Suction supplies 

• Portable and stationary suction machines 

• Suction collection canister and connecting tubing 

• Suction catheter kits 

• Single-dose normal saline units 

• Sterile water 

• Gloves 

Tracheostomy supplies 

• Tracheostomy tubes: current size 

• Tracheostomy tubes: next smaller size 

• Tracheostomy ties: Velcro or twill tape 

• Cotton-tipped applicators or gauze 

• Tracheostomy cleaning kits 

• Water-soluble lubricant 
Disinfectant solution 
Monitoring systems 

• Pulse oximeter (optional) 

• Apnea monitor (optional) 


Box 35-7 


clean and change out the tracheostomy tube, and proper 
placement and care of the speaking valve. The DME provider 
will educate the caregivers on the respiratory and tracheos¬ 
tomy equipment. The hospital staff will provide the remain- 
ing education. Caregivers are encouraged to frequently visit 
the hospital and to participate in as much of their child’s 
bedside care as possible. The child with a tracheostomy must 
have emergency supplies readily available at all times. An 
emergency bag, or trach-to-go bag, should accompany the 
child at all times (Box 35-8). The contents of this bag should 


Box 35-8 


Contents of a “Trach-to-Go” 


Bag 


• DeLee suction trap to use if suction machine fails 

• Suction catheters and gloves 

• Small bottle of sterile water for cleaning suction catheter 

• Single-dose normal saline units for irrigation 

• Lubricant for tracheostomy tube insertion 

• Two tracheostomy tubes (current size, one size smaller) 

• Extra obturator 

• Tracheostomy ties (Velcro or twill tape) 

• Blunt-nosed scissors for cutting tracheostomy ties 

• Self-inflating resuscitation bag with mask 

• Heat and moisture exchangers 

• Stethoscope 
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not be used at the bedside but instead used only when the 
child is away from the home. Caregivers must attend a 
CPR class that includes training with an emphasis on emer- 
gency management of the airway and tracheostomy tube. 
They must be able to recognize respiratory distress, such 
as accidental decannulation and a plugged tube, and re- 
spond to emergency situations quickly, including changing 
the tube. 27 

Airway Suctioning 

Simplicity is an essential component of successful home 
medical management, especially with suctioning. Home 
suctioning differs from the aseptic, sterile technique used 
in the hospital, where a sterile glove and a sterile catheter 
are used for each suctioning procedure. Two methods are 
used at home: one is referred to as the modified clean tech¬ 
nique, defined as using a sterile catheter with clean, non- 
sterile, disposable gloves. The other is the clean technique 
and is defined as the use of a clean but nonsterile catheter 
with clean, nonsterile gloves or freshly washed, clean 
hånds. 28 When performing suctioning by the clean tech¬ 
nique, the hånds are washed thoroughly before beginning 
the procedure. The suction catheter begins as a sterile 
catheter but instead of being discarded, it is washed, disin- 
fected, and reused (Box 35-9). There is some variation 
among caregivers regarding how long a catheter is used 
before it is cleaned. Some clean the catheter after every 
suctioning procedure, whereas others change the catheter 
ever 8 to 24 hours. Should the catheter be contaminated 
(i.e., dropped on the floor), it should be cleaned at that 
point. 28 If other individuals in the home are ill, the modi¬ 
fied clean technique, using a sterile catheter and clean 
glove, should be used temporarily. Some professional clini- 
cians may choose to use sterile technique in the home 
while the child is ill. 

In addition to learning the suctioning techniques, 
caregivers must be able to recognize the need for suc¬ 
tioning. Suctioning is based on clinical assessment and 


should be performed on an as-needed basis rather than 
scheduled. Typically caregivers are taught to suction 
when the child wakes up in the morning or after a nap 
because secretions accumulate in the airway during sleep. 
They should suction after chest physiotherapy and respi¬ 
ratory treatments when indicated and when secretions 
can be heard in the tube. Suctioning should be per¬ 
formed if the child seems restless or uncomfortable or 
exhibits signs and symptoms of respiratory distress. If 
the child has an effective cough, suctioning is performed 
infrequently. If the child exhibits copious amounts 
of secretions or is ill, more frequent suctioning may be 
required, as often as every 2 to 4 hours. 

Caregivers should be taught to note the amount, 
color, and consistency of the secretions and to report 
significant changes to their physician. To prevent injury 
to the tracheal mucosa, the suction catheter is inserted in 
the tracheostomy to only Vi to Vz inch beyond the tip of 
the tube. 21 A suction catheter should be premeasured and 
marked and then set aside for caregivers to use as a mea- 
suring guide. Routine use of normal saline for lavage is 
not recommended.' 2 Caregivers must demonstrate profi- 
ciency at suctioning when the child is in the hospital, 
before the rooming-in period. 

All children with a tracheostomy should have a station- 
ary and portable suction machine (Figure 35-5). In addi¬ 
tion to an internal battery that can be charged from AC 
power, the portable suction unit must have a cigarette 
lighter adapter to charge off of the car battery. The care- 
giver is advised to take the trach-to-go bag with the patient 
whenever leaving the house. A DeLee suction trap should 
be kept in the bag for use in case the suction unit fails. Suc¬ 
tion catheters, oral suction tubes, and suction canisters are 
supplied by the DME provider. A manual self-inflating re- 
suscitation bag with external PEEP valve, appropriate-size 
mask, oxygen, and extra suction canisters should be kept 
in the home and readily available in case of an emergency 
(Box 35-10). 


Box 35-9 


1 . 


Cleaning Suction Catheters in the 
Home 


Using a 20-ml syringe, flush the catheter clean with either 
sterile/boiled water or 3% hydrogen peroxide. 

2. Soak in one (not all) of the following to disinfect: 

A. 1:50 dilution of bleach for 3 minutes (1 teaspoon of 
bleach to 1 cup of water) 

B. 70% isopropyl alcohol for 5 minutes 

C. 3% hydrogen peroxide for 30 minutes 

D. Commercial disinfectant, such as Control III, for 15 to 
20 minutes 

3. Rinse the inside and outside of catheter with sterile/ 
boiled water. 

4. Place on a clean paper towel to air dry and then store in 
a clean, sealed plastic bag. 



FIGURE 35-5 Battery-powered portable suction machine. 
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Box 35-10 


Emergency Tracheostomy Supplies 
Kept at the Bedside 


• Extra tube, same size currently using 

• Extra tube, one size smaller 

• Obturator 

• Tracheostomy tube ties 

• Scissors 

• Manual resuscitator bag, external PEEP valve, and 
appropriate-size mask 

• Standby oxygen, ifordered 


PEEP\ Peak end-expiratory pressure. 


Decannulation and Tube Changes 

The purpose of changing the tracheostomy tube in the 
home is to minimize infection and the formation of gran¬ 
ulation tissue. 30 As a general rule for children, the tube is 
changed once a week or as needed should it become ob- 
structed. All caregivers must be taught to change the tube 
routinely and during an emergency if the child suddenly 
experiences signs and symptoms of respiratory distress 
(Box 35-1l). 31 Before the rooming-in period and before a 
child can be discharged home, both primary caregivers are 
required to demonstrate that they can correctly and inde- 
pendently change the tracheostomy tube. Caregivers are 
strongly encouraged to be available to change the trache¬ 
ostomy tube as often as possible while the child is in the 
hospital. 

If at all possible, tube changes should be performed in 
the early morning before the child eats (Box 35-12). It is 
best for two caregivers to be present when changing the 
tracheostomy tube: one to remove the tube and the other 
to insert the clean one. All equipment, including the emer¬ 
gency supplies, should be gathered and readily available at 
the bedside. To change the tube, a blanket or towel roli is 
placed under the child’s shoulders to extend the neck. 
While one caregiver holds the tube in place, loosens the 
ties, and then removes the tube, the other caregiver inserts 
the clean tube. The clean tracheostomy ties are attached, 
the child’s work of breathing is assessed, and assurance is 
made that the airway is intact. 

Two tracheostomy tubes should always be available at 
the bedside and in the trach-to-go bag. One tube should be 


Box 35-11 


Indications for Changing 
Tracheostomy Tube 


a 


Scheduled change is due 

Suction catheter does not pass freely (plugging) 
Respiratory distress is unresolved by suctioning or other 
interventions 

Oxygen desaturation is unresolved by suctioning or other 

interventions 

Accidental decannulation 


Steps in Performing Tracheostomy 
Change 

1. Wash hånds. 

2. Gather equipment. 

3. Suction patient, then wash hånds again. 

4. Arrange workspace with adequate lighting. 

5. Place obturator in the extra identical tracheostomy 
tube; thread ties or collar through one side of tube. 

6. Lightly coat tip of tube with water-soluble lubricant. 

7. Place child on back with a rolied towel under the 
shoulders. 

8. Cut and remove old ties and pull tube out with a 
curved, downward motion. 

9. Gently insert tube into the stoma, using a downward 
and forward motion that follows the curve of the tube. 

10. Remove the obturator immediately after inserting the 
tube. 

11. Using a syringe with sterile water, inflate the pilot 
balloon to the prescribed amount. 

12. Secure the ties. 

13. Suction as needed. 

14. Assess the child’s respiratory status. 


Box 35-12 


the size the child is currently using and the other tube 
should be one size smaller. The smaller tube is available in 
case a situation exists in which the current size cannot be 
reinserted. If resistance is met when attempting to replace 
the current tube, then the smaller tube is placed until fur- 
ther medical assistance can be obtained. A child’s stoma 
can close quickly, so placement of a smaller tube will pre- 
serve the opening. Cuffless tubes are preferred in children; 
however, a cuffed tube may be required if the child is being 
mechanically ventilated. 

Humidification Systems 

Several types of humidification systems can be used in the 
home care environment. Humidification during mechani- 
cal ventilation is necessary to prevent destruction of air¬ 
way epithelium, hypothermia, atelectasis, and thickening 
of secretions. The humidification system chosen should 
provide a minimum of 30 mg of H 2 0/L of delivered gas 
at 30° C /86° F and meet specifications of the American 
National Standards Institute (Washington, DC). These 
are especially important in the pediatric population re- 
quiring continuous mechanical ventilatory support that 
uses high peak inspiratory flow rates. 32 

A portable, 50-psig air compressor or a 20-psig high- 
flow/high-pressure oxygen concentrator with a heated 
humidifier and tracheostomy collar is an excellent hu¬ 
midification system. The humidifier should be stabilized 
near the child’s bed, either attached to the bed or to a 
table located nearby. They will also instruct the parents 
in preparing sterile water and normal saline at home 
(Box 35-13). The tracheostomy collar is often bulky and 
limits the child’s mobility. Therefore it is suggested that 
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Box 35-13 


Preparing Sterile Distilled Water 
and Normal Saline at Home 


1. Buy distilled water from a local store. 

2. Obtain clean glass jars with lids. Baby food jars work 
well for saline. 

3. Boil the distilled water for 1 5 minutes. 

4. For normal saline, add 1 tablespoon of noniodized salt 
to 1 quart of distilled water (or Va teaspoon of salt to 

1 cup of distilled water) and boil for 15 minutes. 

5. Sterilize the jars by completely immersing them in water 
and boiling for 1 5 minutes. 

6. Sterilization must be done on a stove. Do not use a 
dishwasher or a microwave. 

7. Pour the water out of the pan and allow the jars and 
lids to cool in the pan. 

8. Remove the jars and lids from the pan without touching 
the inside of the jars or lids. 

9. Place the jars and lids upright on a clean towel. 

10. Pour the boiled distilled water into the jars and place 
the lids on tightly. 

11. Do not pour any used solution back into the jar. 

12. After 3 days, discard any leftover solution and resterilize 
the jar and lid. 


unless the child is being mechanically ventilated, the col- 
lar and heated humidity should be used during sleep 
at night and that a heat and moisture exchanger (HME) 
be used during transport and daytime hours. The first 
attempt at using the heat and moisture exchanger should 
take place in a controlled setting several days before the 
child is discharged home. The caregivers should be 
taught to observe for signs and symptoms of respiratory 
distress associated with the lack of humidification. The 
heat and moisture exchanger should never be used with 
another humidification system. The added moisture will 
wet the exchanger and increase the child’s work of 
breathing through the exchanger. The caregiver should 
understand that airway obstruction may occur if secre- 
tions are trapped in the heat and moisture exchanger. If 
the child requires oxygen, the addition of a T-ring 
adapter, side ring adapter, or HME with 0 2 port placed 
around the tracheostomy tube can reduce the amount of 
oxygen flow necessary to maintain the child’s oxygen 
saturation levels. These adapters can be used with the 
heat and moisture exchanger and with the tracheostomy 
collar. 

Communication and Speaking 
Val ves 

Children begin to communicate from the moment they 
are born. Communication is an innate component of every 
human who interacts with the environment and is part of 
the bonding process for parents and caregivers. Research 
also shows that speech and language development is inter- 
dependent on and interactive with motor and cognitive 
development. The child with a tracheostomy is limited in 


his or her ability to vocalize, and speech therapy becomes 
an essential part of the home care plan. The goal of speech 
therapy is to improve deficits in speech and language 
development. Therapy assists in developing oral motor 
skilis, maximizing language, and encouraging nonvocal 
behavior. Many forms of communication are used with the 
pediatric tracheostomy patient, including computers, sign 
language, and speaking valves. The benefits of combining 
all forms of effective communication are critical to the 
child’s development. 

A tracheostomy tube not only causes the child’s vocal 
cords to remain in the open position, resulting in a dimin- 
ished ability to vocalize and cough, but it also impacts a 
child’s swallowing function. These factors can lead to a 
higher susceptibility to aspiration, subsequent pneumo¬ 
nia, and atelectasis, which can in turn result in longer 
placement of the tracheostomy tube and need for me- 
chanical ventilation. 33 Use of a speaking valve provides 
a form of communication, enhances the ability to cough 
effectively, and also filters and protects the airway from 
particles. 3 The effective cough reduces the need for suc- 
tioning and the potential for infection and airway trauma. 31 
Restoration of airflow through the upper airway also 
restores sensation to the oropharynx as well as the sense of 
smell and taste. In turn this improves appetite, overall 
nutritional intake, and swallowing efficiency. 3 ’ 

The Passy-Muir tracheostomy swallowing and speaking 
valve (PMV) allows a child to speak without occluding the 
tracheostomy stoma. The valve was developed in the 1980s 
by David Muir, a patient with muscular dystrophy who 
had a tracheostomy. Opening only during inspiration, the 
PMV allows air to enter the airway. On expiration the valve 
closes, which results in air being forced out of the airway 
through the vocal cords, nose, and mouth (Figure 35-6). 
The patient can resume speaking, which enhances social 
interaction and decreases frustration by making it easier to 
vocalize spontaneously. Ideally the speaking valve should 
be placed within a few days of receiving the tracheostomy 
so that the child will consider it part of the tracheostomy 
tube. Successful transitioning techniques used when plac- 
ing the valve include play therapy and distractions such as 
coloring books, whistles, and toys. Techniques for training 
children to exhale through the valve include biowing 
whistles, bubbles, and feathers. If the tracheostomy tube 
does not allow the child to exhale through the valve, then 
the tube should be downsized. A speaking valve is contra- 
indicated in patients who have severe tracheal stenosis or 
excessive secretions, require continuously inflated cuffed 
tubes, or are unconscious or heavily sedated. 

Activities of Daily Living 

Pediatric patients with a tracheostomy should be treated 
as normal children. 36 A child with a tracheostomy can take 
part in most play activities suitable for that age. With an 
infant or small child, all small toy parts or objects should 
be removed from the play area because the child might put 
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FIGURE 35-6 Tracheostomy speaking valve enables speech by 
redirecting exhaled air around the tracheostomy tube and through 
the larynx and upper airway. 


these into the tube. During outdoor play the caregivers 
must protect the child’s tracheostomy from extreme 
temperatures and dirt in the air. Extremely cold or hot 
air may be irritating to the child’s lungs. Heat and mois- 
ture exchangers are used to protect the airway from such 
irritants. 

When bathing a child with a tracheostomy, the child 
may be placed in a tub but care must be taken not to allow 
water into the tube. To wash a child’s hair, hold the child 
on his or her back over a sink or tub. Wash and rinse the 
hair with a cup of water and washcloth, or spray the hair 
carefully. The child can play in the water, but never sub- 
merge the child in the water or leave the child alone in the 
tub. An older child can take a shower as long as the trache¬ 
ostomy is protected. 

There is no need to buy special clothing for the child 
with a tracheostomy. However, parents are instructed to 
buy clothes that do not cover the tracheostomy. Items to 
avoid include turtlenecks, necklaces, scarves, or any type of 
material with fibers that could be released into the trache¬ 
ostomy opening. The home environment should be kept as 
free of lint, dust, and animal hair as possible. It is impera¬ 
tive that no one smokes, uses powders, or sprays aerosols 


Box 35-14 


Equipment Needed for Travel 


• Trach-to-go bag 

• Portable suction machine 

• Extra suction canister and tubing 

• Prescriptions (medicine, oxygen, and respiratory 
equipment) 

• Pulse oximeter, extra probes 

• Oxygen 

• List of phone numbers (physician, HME provider, 
pharmacy) 

HME, Home medical equipment. 


around or on the child. Particles and fumes can enter the 
lungs through the tube and cause breathing problems. 

The primary caregiver may become ill and be unable to 
care for the child for an extended time. This is a major 
reason why more than one caregiver should be trained to 
care for the child. Qualified providers, or respite care, 
should be available to care for the child in the absence of 
the primary caregiver. 

Transporting the child may require extra precautions 
and planning (Box 35-14). It is recommended that another 
individual besides the driver be in the vehicle with the 
child. Standard car seat restraints may not work for the 
child with a tracheostomy. A survey on the methods of 
transporting technology-dependent children found that 
the children were restrained appropriately; however, 
in 66% of the cases the heavy medical equipment was not 
secured. 3 


MECHANICAL VENTILATION 
IN THE HOME 

As neonatal and pediatric respiratory care continues to 
evolve, we have seen an increase in the number of chil¬ 
dren with chronic respiratory failure who are medically 
stable. Many of these children require some level of ven- 
tilatory assistance, ranging from noninvasive nighttime 
ventilation to 24-hour ventilatory support. The clinical 
conditions resulting in respiratory failure and chronic 
ventilatory support are varied and include chronic lung 
disease, acquired or congenital neuromuscular impair- 
ment, airway abnormalities, and ventilatory control 
disorders. And even though the number of ventilator- 
assisted children is relatively small compared with other 
groups, the cost of care is substantial when specialized 
equipment and education are required and especially 
when hospital stays are prolonged. There is no argument 
that the hospital is an unsuitable environment for the 
ventilator-assisted child who is medically stable. The ben- 
efits of having the child at home are many, including an 
enhanced quality of life. Yet the discharge process for 
a ventilator-assisted child can be long and complicated. 
In few other situations does it require a more coordi- 
nated multidisciplinary team approach. 
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Family Preparation 

The decision to provide care at home must be family cen¬ 
tered, not staff generated. Successful home management 
of the ventilator-assisted child depends largely on the par- 
ents’ willingness and capacity to meet the needs of their 
child. 3 Care at home is time consuming, labor intensive, 
and expensive. Parents should be told that care at home 
will require more than normal parenting skilis. It will im- 
pact every aspect of each family membefs lifestyle and 
quality of life. Siblings often feel neglected, and marriages 
are challenged. An even heavier burden is imposed on sin- 
gle-parent families. But time and again families agree that 
overcoming the challenges and finally arriving home is 
justified and worthwhile. 

Before the discharge process begins for a ventilator- 
assisted child, the following criteria must be met: 

• At least two adult caregivers must be willing to commit 
to participate in the necessary training and the child’s 
ongoing care. 

Parents must be in agreement on taking the child 
home. 

Caregivers must be physically and mentally capable of 
providing home care for the child. 

Once a family makes the decision to commit to caring 
for their ventilator-assisted child at home, a formal dis¬ 
charge process begins. One of the first steps to be done is 
to meet with all of the members of the discharge planning 
team. Parents should be informed that the discharge pro¬ 
cess may take several weeks or even months, depending on 
the individual child’s needs. Identification of the two pri¬ 
mary caregivers is essential at this point. Because transi¬ 
tion to home for a ventilator-assisted child involves such 
an extensive commitment from the caregivers, they may be 
asked to sign contracts agreeing to the education/training, 
hospital rooming-in period, and the steps involved in dis¬ 
charge home. The caregivers should be given an overview 
of the discharge process with projected dates and time 
lines for certain steps in the process. 

Moving the child from the intensive care unit to an area 
where the caregivers can be more involved in their child’s 
care is an enormous step in beginning the discharge pro¬ 
cess. Even though formal teaching by the DME provider 
may not have begun, the caregivers can learn a great deal 
about the care of their child from the respiratory thera- 
pists, nurses, physical therapists, speech therapists, and 
occupational therapists who care daily for the child. Once 
teaching begins, the caregivers have more time to begin 
practicing their skilis in their child’s room. Quite often the 
most successful transitions home are with those families 
who have spent the most time at their child’s bedside, tak¬ 
ing an active part in the daily care. 

Parents with ventilator-assisted children have com- 
mented on how they initially feel shocked and crushed by 
the uncertainty of their child’s illness and their family’s 
future. It may be helpful for the caregivers to be in contact 
with other parents who have a similar experience. The 


parents’ ability and commitment to be involved in their 
child’s care may vary during the course of the hospitaliza- 
tion, especially when the hospital stay extends into 
months. Parents struggle with their own adjustment and 
coping abilities and other aspects of their life. Research 
has shown that families of ventilator-assisted children 
face profound burdens in household management, social 
relations, and financial issues. 38 Because many caregivers 
must work outside the home, it is common for employ- 
ment issues to become complicated during the discharge 
process. This is especially true when caregivers live and 
work quite some distance from the hospital, yet they are 
being asked to be with their child to receive training and 
to become more familiar with the bedside care. 

Selection of the Ventilator and DME 
Provider 

There is no standard approach for selecting a ventilator for 
the pediatric patient. The ventilator and the settings cho- 
sen must be tailored to meet the needs of each child. The 
overall goal is to choose a ventilator capable of maintain- 
ing clinical stability with arterial biood gas levels as close 
to physiological values as possible. Ideally, ventilators cho- 
sen for home care should be user friendly, compact, and 
portable and operate on a variety of power sources. 4 ’ 39 The 
device should incorporate a reliable alarm system and 
should be trouble free for extended periods. Home care 
ventilators should have hidden Controls or a locked panel 
to prevent pediatric patients or siblings from inadvertently 
altering the settings. 

Always consider the child’s needs when selecting a suit- 
able ventilator. Factors to be considered include, but are 
not limited to, home versus public school, distance to the 
health care provider, and how well it will meet the growing 
needs of the child. If the ventilator selected for home me- 
chanical ventilation is not available in the hospital, the 
DME provider may be asked to supply the appropriate 
machine for a trial period before discharge. 

Another factor to be considered when selecting a home 
ventilator concerns the compatibility of the circuit and the 
positive end-expiratory pressure (PEEP) valve. PEEP is of¬ 
ten accomplished by using an external PEEP valve, which 
can be heavy and may also have exhalation ports that can 
be easily blocked. The combination of the PEEP valve and 
circuit must have minimal exhaled resistance. The PEEP 
valve must also be able to function at any angle; this pre- 
cludes gravity and water columns for home use. 

A major advantage of a portable ventilator is the ability 
to use a variety of power sources, including house current, 
an internal battery for short periods, and an external bat- 
tery for extended periods. Some portable ventilators can 
operate from a car battery by connecting to the cigarette 
lighter. A 12-V battery should be available for use during 
trips away from home and as an extended backup during 
an electric power failure. A 12-V 74-A/hour, deep-cycle 
battery can power a ventilator for about 20 hours without 
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recharging. A 12-V 34-A/hour, gel-cell battery can power a 
ventilator for about 10 hours before recharging is re- 
quired. It is important to note how heavy the battery is 
and whether the combined weight of the battery and ven¬ 
tilator still allows portability. In rural areas where power 
outages frequently occur, or where it may take extensive 
time for electricity to be restored, it is often advisable to 
purchase a backup electricity generator. Another alterna¬ 
tive is to have portable backup batteries or power packs. 

The DME provider should be selected as soon as it is de¬ 
termined that the child will go home. Caregivers should be 
given the option of selecting the provider; however, there 
may be few choices, because many may not provide ventila¬ 
tors for children. To obtain one that is an in-network pro¬ 
vider with the child’s insurance carrier or one that will accept 
Medicaid reimbursement may narrow the held even more. It 
is essential, though, that the chosen DME provider have 
home care personnel who are familiar with the care of 
infants and children with tracheostomies and who are also 
familiar with pediatric mechanical ventilation. If the pro¬ 
vider agrees to accept the patient, then the home assessment 
can be scheduled and a list of needed supplies provided. The 
supply list should be given to the provider as soon as possible 
so that equipment can be ordered (Box 35-15). 

A second ventilator, or backup ventilator, should be 
provided in the home for the child who meets the follow- 
ing conditions 40 : 

Cannot maintain spontaneous ventilation for 4 or more 
consecutive hours 

Lives in an area where a replacement ventilator cannot 
be provided within 2 hours 

Requires mechanical ventilation during mobility 


Home Medical Equipment and 
Supplies for Ventilator-Assisted 
Children 

Mechanical ventilator 

• Primary ventilator 

• Backup ventilator 

• 1 2-volt battery and connecting cable 

• Ventilator circuits 
Humidification supplies 

• Humidifier and heater 

• Heat and moisture exchangers 
Tracheostomy supplies 
Suctioning supplies 

Self-inflating manual resuscitation bag 
Oxygen 

• Oxygen concentrator 

• Stationary oxygen system with regulator able to 
support resuscitation (14-15 Ipm regulator) 

• Portable oxygen system with regulator able to support 
resuscitation (14-15 Ipm regulator) 

Monitoring systems 

• Pulse oximeter (optional) 

• Apnea monitor (optional) 


Box 35-15 


An emergency backup/transport ventilator must be 
available in the event of a ventilator malfunction. With- 
out a backup/transport ventilator in the home, the home 
care company must assume the responsibility for provid- 
ing immediate service. It is also best to have extra ventila¬ 
tor circuits and a spare temperature probe in the home. 
Although it is not practical to duplicate all equipment, it 
may be reasonable to have a second suction machine and 
oxygen source to use at the school or at daycare. 

User and clinician manuals should be available from 
the manufacturer, along with training materials. The user 
information manual should be left in the home for parents 
to use as a reference. All educational materials should be 
well organized and easy to understand. Various factors 
must be considered to achieve the goals of pediatric venti- 
latory support in the home environment (Box 35-16). 

Common Delays to Discharge 
Home 

In spite of the most valorous attempts at organization, 
communication, and planning within the discharge pro- 
cess, obstacles to discharge will still occur. The major 
barriers for chronically ventilated children include failure 
to obtain qualified nursing staff, delays in approval for 
home care funding, an unsuitable home environment, 
complex family issues, and arrangements for out-of- 
home placement. 41,42 

Recruitment of qualified nursing is a problem no mat¬ 
ter where the child’s home may be. Some areas are better 
staffed than others, but there always tends to be a shortage 
of nurses who can care for the ventilator-assisted child. In 
some cases, the discharge date is set, the caregivers have 
completed all training and assessments, and the parents 
have roomed-in; and then, for various reasons, nursing 
staff is no longer available and the child cannot go home. 
When nursing shortage is an issue, some families have re¬ 
sorted to advertising for their nurses. Although it is not an 
option for most families, some have just opted to go home 
without nursing care. 

Funding delays are often the greatest hurdle to getting 
the child home. Without reimbursement, home equip¬ 
ment cannot be obtained. The greatest difficulty arises 
when there is little or no reimbursement for the ventilator. 
Community resources, such as nursing, speech therapy, 


Box 35-16 


Goals of Pediatric Home Mechanical 
Ventilation 


• Enhance quality of life 

• Extend life 

• Provide an environment that promotes individual growth 

• Improve psychological function 

• Improve physical function 

• Reduce morbidity 

• Be cost beneficial 













674 


SECTION V • Neonatal and Pediatric Transient and Ambulatory Care 


physical therapy, and occupational therapy, are also unat- 
tainable without funding. Without reimbursement, dis¬ 
charge is delayed indefinitely. 

The sooner it is known that housing is unsuitable, the 
more likely solutions can be made. That is why it is so 
important that the DME provider obtain the home assess- 
ment as soon as it is determined that the child intends to 
be sent home. Many times the problems are simply that 
electrical outlets are not in compliance, or a ramp needs to 
be built to accommodate the wheelchair/adaptive stroller. 
There are situations in which the home is in an area that 
the nurses or DME provider refuses to travel to, because it 
is too far away or it is unsafe. Other situations include not 
having electricity or air conditioning, not enough space 
for the child’s equipment, or even extreme situations in 
which the caregivers have been evicted. The social worker 
is an invaluable member of the discharge planning team 
when these issues arise. 

Family issues are all too often the most difficult barriers 
to overcome. The longer the hospital stay, the more likely 
that family dynamics will change. Strained finances, guilt, 
fatigue, worry, and emotional distress are all issues faced 
by most families of ventilator-assisted children. However, 
issues such as divorce, which often results in loss of one of 
the primary caregivers, and drug abuse and mental illness 
are the types of issues that tend to result in the longest 
delays. 

Although it is not a commonly faced obstacle, making 
arrangements to discharge the ventilator-assisted child to 
an alternative site often leads to extensive delays. It may 
take weeks if not months to find a medical foster home for 
the child, which in turn requires home assessment and 
education of the foster parents. Locating an institution 
that accepts ventilator-assisted children may be difficult if 
the child resides in a State that does not have such a facil- 
ity. It is often difficult for parents to agree to send their 
child to a facility that is hours away, much less in another 
State. It may be even more difficult to find a facility that 
has an opening available for the child. 

Home at Last 

Before a ventilator-dependent child can be discharged 
home, the following criteria must be met. Ventilator set- 
tings must be stable for at least 1 week. The oxygen con- 
centration must be less than 40%, and biood gas analysis 
must be stable and within normal limits. The home envi- 
ronment must be acceptable and the home equipment 
available either at the hospital or at the child’s home. It is 
also essential that there be adequate home care available. 
This includes two primary caregivers who have success- 
fully completed all of the training and the rooming-in pe- 
riod, as well as adequate home nursing staff. On the day of 
discharge, transportation home or to the alternative site of 
care may be provided by the caregivers vehicle or by an 
ambulance. It is recommended that the respiratory thera- 
pist from the DME provider either follow the child home 


Box 35-17 


Problems Associated with Home 
Mechanical Ventilation 


Disconnected ventilator circuit 
Leaks in ventilator circuit 
Obstructions in ventilator circuit 
Water in ventilator circuit 
Water in exhalation valve 
Water in external PEEP valve 
Dirty filter 

Leak around tracheostomy tube 
Ventilator autocycling 
Power surge 

Increased suctioning requirement 
Increased oxygen requirement 
Change in child’s pulmonary status 
Change in child’s nutritional status 
Change in child’s activity level 
Development of infection 

Extensive time required to adjustment to home/ 
environment 

PEEP\ Positive end-expiratory pressure. 


in a separate vehicle or meet the child when he or she arrives 
home and assist the family with “settling in” at home. 

Children requiring mechanical ventilation have not 
only complex medical problems but home medical equip¬ 
ment that requires frequent evaluation (Box 35-17). 
Although equipment malfunction may be minimal, there 
can be no delay in troubleshooting when problems arise. 
For this reason it is imperative that these children be 
provided with appropriate medical expertise. This in¬ 
cludes 24-hour availability of the DME provider’s staff as 
well as nurses and respiratory therapists from a physician 
group managing the ventilator at home. 

Ventilator-assisted children should be evaluated by a 
pulmonologist every 3 to 6 months. During the visits, the 
child’s ventilatory status and oxygenation requirements are 
evaluated to determine optimal ventilator settings and the 
potential for weaning. Because children often have large 
leaks associated with uncuffed tubes, the child’s tracheos¬ 
tomy is assessed for correct size and placement. In faet, 
studies have shown that 9 of 11 children with uncuffed 
tubes are inadequately ventilated, resulting in chronic hy- 
percapnia and fatigue. 43 ' 48 Problems with equipment are 
addressed, and continuing education of the caregivers is 
provided if necessary. 


A SUCCESSFUL TRANSITION 
HOME 

Caring for technology-dependent children in the home of¬ 
ten presents challenges for their families, their community, 
and the health care system. Every caregiver of a technology- 
dependent child is at risk of physical burnout, financial and 
emotional stress, depression, and social isolation, especially 
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when support and resources are insufficient or inacces- 
sible. 49,30 Many of these challenges can be resolved by 
interdisciplinary discharge planning, the use of dis¬ 
charge protocols, case management approaches, respite 
care, psychological counseling, and adequate financial 
provisions for sustaining home care. 51 A successful tran¬ 
sition home often depends on when the discharge pro- 
cess begins. Waiting until the last minute often ends in 
failure. The advances in care and equipment that make a 
child’s survival possible in the first place are many times 
the greatest challenges in the transition home. The fam- 
ily’s central role in the discharge planning process must 
be recognized and supported because in the end, suc¬ 
cessful transitions may have less to do with the child’s 
medical condition than with the family’s commitment 
to the child and their ability to adapt, work as a team, 
and persevere. 


CLINICAL HIGHLIGHT 


Home Care Ventilator for Premature Patient with 
Chronic Lung Disease 
MEDICAL HISTORY 

Your patient is a baby boy born at 23 weeks of gestation with 
chronic lung disease (CLD) complicated by supraglottic air- 
way obstruction. History summary includes tracheostomy 
placement with ventilator dependency on Control mode ven¬ 
tilation (CMV) and converted to high-frequency oscillatory 
ventilation (HFOV) because of worsening ventilation and 
oxygenation. Patient was able to be weaned to CMV and 
then weaned furtherto synchronized intermittent mandatory 
ventilation (SIMV). After 3 months of endotracheal intuba- 
tion, the tracheostomy was placed. Patient was stabilized on 
ventilator settings for 4 weeks. 

DISCHARGE PLANNING 

The discharge planning referral to a durable medical equip¬ 
ment (DME) company and private duty nursing (PDN) was 
initiated to begin planning for home. The DME provided 
home ventilator for patient to be placed on and be evaluated 
for tolerance of changeover while patient remained in the 
neonatal intensive care unit (NICU). Tracheostomy cardio- 
pulmonary resuscitation (CPR) training was completed by 
parents and additional caregivers who will be in the home 
(grandparents). The primary bedside nurse continues work- 
ing with the caregivers for trach changes, suctioning, and 
bagging metered-dose inhaler (MDI) treatments to trach. A 
social worker is involved to assist with the financial resources 
because the family has limited access to funds. Commercial 
insurance is not available at either parent’s work; therefore 
the patient will be eligible for State Medicaid program. 

Nutritional support is stable because patient is able to 
take all feedings orally. No gastrostomy tube has been placed 
at this time. The home therapy referral was made and will be 
established once discharge is complete with patient stable at 
home. A discharge planning meeting is scheduled with venti¬ 
lator discharging team. This was initiated to bring all parties 
together and discuss plan of care and discharge. 


HOME ASSESSMENT 

The DME provider performed the home assessment at the 
current address and found electrical limitations in the bed- 
room where the patient will reside. Minimum width of door- 
ways found to be in an acceptable range, and accessibility to 

I bath, kitchen, and laundry were all acceptable. Telephone 
service is not available in the home, but caregivers do have 
cellular phones available. An emergency escape route is 
planned with an alternate route established. Parents are 
asked to inform all possible caregivers about the escape 
route to ensure the plan is understood and enforced if neces- 
sary. The fuse box is labeled for ease in accessing in an emer¬ 
gency. The number of individuals in the home beside the 
patient includes the mother of baby, father of baby, two 
sisters, and one brother. General cleanliness and condition 
of the home met needed criteria. The family recently moved 
into the home and is still unpacking. The home is kept clean 
but organization of personal effects is needed. This should 
be completed before the medical equipment or supply is 
brought into the home. Once this is complete, it will reduce 
possibility of misplacing medical supplies. The DME provider 
has the following recommendations for the family before 
patient discharge: 

• Two power strips to be used only for medical equipment 
• Two flash Iights for emergency lighting and charging of 
backup/transport ventilator with additional batteries in 
a room other than where patient resides 
The DME provider reported back to ventilator the discharge 
team that assessment passed with some minor limitations. 
DURABLE MEDICAL EQUIPMENT TRAINING 
A meeting is set with parents for training on medical equip¬ 
ment. Caregivers, including both parents, are present for 
orientation. Training material presented to caregivers include 
training manuals, cleaning instructions, and necessary refer¬ 
ence sheets. Basic anatomy and physiology are discussed in 
relation to the patient’s current medical condition. Monthly 
supplies were provided; caregivers were educated on the use 
of each item and were given an explanation of the quantity 
of supply to expect per month as dictated by covered benefits 
from the insurance provider. When education is completed a 
competency-training summary is documented, signed, and 
dated by the respiratory therapist and caregivers. An update 
of progress is reported back to the ventilator discharge team. 
They are informed that orientation has been completed. 
PARENT CARE UNIT 

The parents check in and attended parent care unit (PCU) 
for 48 hours. This task was able to be successfully completed 
and all care is delivered to the patient by the parents without 
the assistance of nursing staff. The DME provider was con- 
tacted by parents during PCU with questions regarding the 
suction machine. Troubleshooting was done over the phone 
with the parents and the issue was able to be resolved; it was 
discovered that the charger was not completely engaged with 
the unit to provide a charge. Parents were able to complete 
PCU without incident. Information regarding the faet that 
the parents successfully completed PCU is sent to all provid- 
ers involved and a plan is set to discharge the following 
morning. 
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DAY OF DISCHARGE 

Time of discharge is set for 11:00 AM. A full assessment of the 
patient is completed by the rounding physician team, dis- 
charging ventilator team, and pulmonary team. The PDN and 
respiratory therapist from the DME provider were present for 
the discharge. The parents worked with the respiratory thera¬ 
pist to get all equipment on the adaptive stroller, including 
placing the patient on the transport ventilator and placing a 
heat and moisture exchanger (HME) inline to the ventilator 
circuit; other supplies for the bedside were loaded for travel 
home. Discharge orders were signed by the discharging physi¬ 
cian and instructions provided to caregivers. Parents loaded 
the patient into the car, and the DME provider followed care¬ 
givers to their home. Upon arrival to home, parents and the 
DME provider carried the patient in while the patient re- 
mained on the ventilator circuit. Upon arrival to the patient’s 
room, the patient was placed on the home ventilator. The 
PDN completed an assessment of the patient while the DME 
provider completed the transfer to home. This included plug- 
ging in all equipment, assessing saturations, verifying ventila¬ 
tor settings, and confirming the comfort level of parents and 
other caregivers. Reinforcement of on-call phone numbers to 
the caregivers was done. A follow-up call is placed to parents 
once the patient is home for a few hours. 

FOLLOW-UP 

The DME provider did an in-home follow-up daily for the re- 
mainder of the week. At the end of the week, parents were 
reinstructed on how to reach the DME provider on call as well 
as the home ventilator team physicians. When the DME pro¬ 
vider returned to work the following week, an additional trip 
to the home was completed to ensure that the parents were 
comfortable and confident in the use of the equipment and 
supplies and to discuss with the parents any questions that 
may have arisen since the last time the DME provider had 
been in the home. A complete ventilator check is docu- 
mented, ensuring that orders correlate with the present set- 
tings. The DME provider continues to communicate with the 
family throughout the first month to verify the parents have 
what is needed to care for their child as well as answer all 
questions. Per the policy of the DME provider, the therapist 
evaluated the need to continue returning to the home on a 
daily basis. The parents were doing well, and DME provider 
opted to make a weekly call to the parents. Upon completion 
of the first month at home, the DME provider assisted par¬ 
ents with ordering of the first month’s supplies. This entailed 
a full inventory done with one ofthe parents. Reinstruction of 
monthly supply quantities was discussed, and a date and time 
were set with parents for delivery ofthe monthly order. The 
DME provider continued to do ventilator checks per policy 
and assisted parents with questions and concerns that arose. 
The patient remained on continuous ventilation for approxi- 
mately 7 months. The weaning process then began, allowing 
the patient to come o ff the ventilator for 5 to 10 minutes at 
a time, as tolerated. This time increased until the patient was 
off the ventilator all waking hours and then on to being off 
the ventilator at all times. After 21 months of being at home 
with a ventilator, the patient was able to be decannulated 
with minimal medical needs from the DME provider. 


| KEY POINTS 

• Critical components of discharging a child to home 
with technology dependency are excellent communica- 
tion by all parties involved, timely planning to have all 
necessary roles and expectations established, overcom- 
ing possible barriers that may cause delay in discharge, 
and awareness to the needs of not only the child but 
the parents/caregivers as well. 

• Recognizing, understanding, and addressing the possi¬ 
ble barriers that may be present, either in the home, 
with the parents/caregivers or issues related to finances 
will assist the entire team insure a successful discharge. 

• With multiple oxygen systems available on the market, 
finding the best suited for the child’s needs is extremely 
important. Liquid oxygen, oxygen concentrators, and 
compressed gas sources are most commonly used in 

a home environment. The patient’s oxygen liter flow 
should be the determining factor for selecting a 
modality source. 

• To ensure the child has all the key components needed 
when traveling outside the home, a list is generated for 
a designated trach-to-go bag. This is an essential part 
of caring for a child with technology needs. 

• Understanding when a child needs his or her trach 
tube changed is key for caring for a child with a trach. 
Child will have clinical signs to be aware when the need 
is present for a trach change. 

• Preparing a parent/caregiver for attending to a child 
with a ventilator takes a great deal of time, under¬ 
standing and patience, as well as preparation. Parents/ 
caregivers training never ceases, it is done daily from 
the time the child is still inpatient and continues even 
after they have discharged home. 

• Things to consider when selecting a home ventilator 
include the portability ofthe unit, weight and battery 
capabilities ofthe unit, and how the unit will be used 
for the child. Determining which DME provider is 
best suited for child is always important as well. In 
considering providers, the family should consider what 
insurance companies are in network with provider, the 
distance of the provider to where the child will reside, 
and ensure the provider is capable of managing the 
pediatric population. 


| ASSESSMENT QUESTIONS 

See Evolve Resources for cmswers. 

1. After a home assessment, what is the most common 
barrier that may delay a patient’s discharge? 

A. Electrical issues 

B. Not owning a home 

C. Need for flash I ights 

D. Width ofthe doorway too large 
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2. “A medical staff member designated to transition a 
patient from hospital facility to home or other level 
of care” is the definition for which of the following? 

A. Social worker 

B. Discharge planner 

C. Speech pathologist 

D. DME provider 

3. What is an indication for changing a tracheostomy tube? 

A. Respiratory distress 

B. Weekly tracheostomy change 

C. Suction catheter does not pass freely 

D. All of the above 

4. In a home care setting, how often should a routine 
tracheostomy change be performed? 

A. Monthly 

B. Daily 

C. Weekly 

D. Bi -weekly 

5. In the home, what equipment is needed for a 
ventilator-dependent child? 

A. Heater/humidifier unit 

B. Wall flow meter 

C. Sterile gloves 

D. Microwave 

6. The goal of having caregivers stay for an in-hospital 
trial is to: 

A. Give an opportunity for backup assistance from 
hospital staff 

B. Give caregivers a chance to relax 

C. Allow caregivers to assist with finances 

D. Take patients away from bedside nurse so they can 
admit new patients 

7. Prolonged hospital stays can cause emotional stress on 
families. Which would not be a stressor for a family with 
a premature child that has required a prolonged stay? 

A. Strained finances 

B. Feeling of guilt 

C. Exhaustion 

D. All of the above 

8. A 12-year-old male with Duchenne muscular dystrophy is 
admitted to the hospital for a planned tracheotomy and 
preparation for home mechanical ventilation. Discharge 
planning should begin for this child and his family: 

A. Immediately after placement of the tracheostomy 
tube 

B. On admission to the hospital 

C. After transition to the home mechanical ventilator 

D. O nce the child is medically stable 

9. The parents ofan infant who is ventilator dependent 
have missed several educational sessions that are 
required before discharge home. They have also been 
sporadic in visiting their child and practicing bedside 
skilis. What action should the discharge planning team 
take next? 

A. Submit a report to the local child neglect hotline. 

B. Ask the infant’s physician to counsel with the parents. 

C. Provide the parents with a discharge contract/ 
agreement. 

D. Suggest that the parents attend a parenting class 
together. 


10. Which of the following is usuallythe major obstacle 
to providing quality care in the home ofa technology- 
dependent child? 

A. High cost and inadequate funding of home care 
services 

B. DME providers that do not employ respiratory 
therapists 

C. Inability to provide home nursing 

D. Lack of two committed in-home caregivers 

11. The need for home oxygen therapy for infants is most 
often established by: 

A. Arterial biood gas analysis 

B. Oxygen saturation measured by pulse oximetry 

C. Sleep scoring from polysomnography studies 

D. Capillary biood gas analysis 

12. An infant requires oxygen with a nasal cannula at 
0.5 L/min. The mother States that because of finan- 
cial difficulties they have moved to a one-bedroom 
house. Which of the following oxygen systems would 
be most appropriate to provide in this home? 

A. Liquid oxygen with a base unit reservoir 

B. An oxygen concentrator 

C. A compressed gas H cylinder of oxygen 

D. Multiple compressed gas E cylinders of oxygen 

13. An infant will be discharged home with an apnea- 
bradycardia monitor. Which of the following instruc- 
tions should the parents be given? 

A. “Your baby only needs the monitor during naps 
and when sleeping at night.” 

B. “The belt is tight enough if you can fit two fingers 
between it and your baby’s chest.” 

C. “When the monitor alarms, immediately check 
for correct electrode placement.” 

D. “Do not place lotion on your baby’s chest.” 

14. During use ofa home apnea-bradycardia monitor, 
which of the following is the most common cause of 
a false alarm? 

A. The baby is crying. 

B. The lead wires are loose. 

C. The baby is breathing shallowly. 

D. The baby is burping. 

15. How often should a cuffless tracheostomy tube in a 
child be changed when at home? 

A. Once a day 

B. Once a week 

C. Once each month 

D. Only when it becomes obstructed 

16. After placing a speaking valve on a child with a 4.5 
cuffless pediatric tracheostomy tube, the child exhibits 
signs of difficulty in exhaling. Which ofthe following 
changes should be made? 

A. Change to a 4.5 cuffed tracheostomy tube. 

B. Replace the tracheostomy tube with a fenestrated 
tube. 

C. Change to a 4.0 cuffed tracheostomy tube. 

D. Downsize to a 4.0 cuffless tracheostomy tube. 
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17. In which ofthe following situations should a second 
(backup/transport) ventilator be placed in a child’s 
home? 

A. The child requires the ventilator only at night 
while sleeping. 

B. The child’s home is within a 1 -hour drive ofthe 
DME provider. 

C. The child is sprinting from the ventilator for 2 
hours twice each day. 

D. The home nursing agency can provide nurses only 
at night. 
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LEARNING OBJECTIVES 

After reading this chapter ; the reader will be able to: 


1. Define quality and patient safety 

7. Explain how information technology can have 

2. Describe the evolution of the quality movement and its 

both positive and negative impacts on health care 

importance to health care 

organizations and quality outcomes 

3. Discuss the elements of teamwork and the effects on 

8. Identify the various processes used to build safety 

quality outcomes 

practices and tools used to define problems 

4. Explain the impact of leadership support on quality 

9. Discuss James Reason’s culture of safety theory and 

and the use of a just culture to facilitate accountability 

how it relates to errors 

5. Describe how quality outcomes are measured and 

10. Recognize different methods used to support safety 

compared both internally and externally 

behaviors to prevent errors 

6. Discuss the aspects of high reliability organizations 


as related to key concepts, evidenced-based practice, 


patient safety indicators, and the Agency for Health 


Care Research and Quality (AHRQ) 


KEY TERMS 
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Near miss 
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Quality 
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Serious safety event 
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Quality and safety in health care are two key factors facing 
health care providers today. Internally there is a focus on 
improving quality and safety, which starts at the CEO and 
board level and continues throughout the organization. 
Externally there is emphasis on how measures of quality 
and safety are reported and shared across health care sys¬ 
tems. Children differ in many ways compared with adults 
in regard to health care delivery and the relationship to 
medical errors and harm. Primary contributing factors 
include children’s characteristics and development stages, 
demographics, dependency on parents and other caregiv- 
ers concerning care and legal status, and varying epidemi- 
ology of medical conditions. 1 In addition, many devices 
and drugs are used “off-label,” which means they have not 
been tested or approved for use in pediatrics. This can cre- 
ate a burden for health care providers to render services 
and deliver medications as discrepancies arise between 
what the patient needs and what is approved to be used. 
For this reason, patient-safety problems and solutions for 
children are multifaceted with unique attributes. There- 
fore understanding the main safety strategies in the pe- 
diatric population is vital. They are (1) epidemiology 
of errors and Identification of the source of the issue; 
(2) understanding the science and safety aspects behind 
the culture; and (3) having a core source of safety solutions 
that are incorporated into risk assessment and solutions 
for each unique characteristic. 2 

Pediatric errors in the inpatient setting have been re¬ 
searched and described in a variety of studies. It has been 
reported that approximately 13 adverse events per 1000 
hospital discharges occur in patients newborn through 
15 years old. 1 Negligence (described as a lack of skilis 
and/or failure to follow or deviation from standard prac- 
tices and procedures) was determined to be the cause 
in 27.6% of events. Adverse drug events were identified 
in 2.3% of hospitalizations, and 19% were deemed 
preventable. Serious errors occurred more often in the 
critical care setting, and adverse drug events occurred 
three times more often among pediatric patients than 
among adults. Neonatal intensive care unit (NICU) data 
revealed 47% of errors were medication related, 11% patient 
misidentification, 7% delay or errors in diagnosis, and 14% 
involved errors in the administration or methods of using 
a treatment. 4 

WHAT IS QUALITY IN HEALTH 
CARE? 

A variety of theories of quality care have been discussed 
with continued development across different health care 
platforms. The Institute of Medicine (IOM), a nonprofit 
organization whose purpose is to provide advice on issues 
related to science, medicine, and health, defines health care 
quality as the “degree to which health services for indi- 
viduals and populations increase the likelihood of desired 
health outcomes (quality principles) and are consistent 


with current professional knowledge (professional practi- 
tioner skiil), and meet the expectations of the market 
place.”'' Patient safety is defined by the IOM as “the preven- 
tion of harm to patients.” Emphasis is placed on a system 
of care delivery that prevents errors; learns from the errors 
that do occur; and is built on a culture of safety involving 
health care professionals, organizations, and patients. 6 For 
that reason, safety is the foundation upon which all other 
aspects of quality care are built. 

Quality practices and processes must be embedded in 
the foundation of health care institutions for both patient 
care and financial well-being. The public’s increasing 
awareness of quality care through the reporting of high- 
profile reports on safety failures has had a significant im- 
pact on the focus of quality outcomes. A commitment to 
total quality is a necessary part of an organization’s jour- 
ney toward improvement. The philosophy of total quality 
consists of an attitude that is infused into the entire orga¬ 
nization, both internally and externally. Those who work 
in organizations dedicated to the concept of total quality 
constantly strive for excellence and continuous improve¬ 
ment in everything they do. 

HEALTH CARE QUALITY 
EVOLUTION 

The awareness and subsequent scrutiny of quality care 
evolved through massive reporting processes and evalua- 
tion of landmark events. Released in 2000, the United 
States Institute of Medicine issued To Errls Human : Building 
a Safer Health System. This report estimated up to a million 
patients experienced some type of preventable error, with 
44,000 (120 patients per day) to 98,000 (268 patients per 
day) Americans dying as a result of preventable medical 
errors.' To put this into perspective, it is equivalent to 
one Boeing 737 or 747 crashing and killing everyone on 
board every day. 8 The typical consumers would never toler- 
ate such odds. It further reported that adverse events occur 
in 2.9% to 3.7% of hospitalizations, with 7000 deaths per 
year from medication errors alone.' 

Error is an act producing a preventable adverse out- 
come compared with the natural progression of disease 
leading to injury or death. More people die in a given year 
as a result of medical errors than from motor vehicle acci- 
dents (43,458), breast cancer (42,297), and AIDS (16,516). 

The report made several suggestions to improve patient 
safety: 

■ Improve leadership and knowledge 

■ Identify and learn from errors 

Set performance standards and expectations for safety 

■ Implement safety systems in health care organizations 2 

The second major report from the IOM committee, 

Crossing the Quality Chasm: A New Health System for the 21 a 
Century (2003), expanded the work outlined in To Err Is 
Human to an industry-wide process redesign, targeting 
a culture of improving the quality of care. The report 
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focused on the quality of care currendy present in the U.S. 
health care system. Crossing the Quality Chasm included a 
call for action to improve the American health care deliv- 
ery system as a whole, in all its quality dimensions, and 
found too often health care failed to deliver its potential 
benefits. Other problem areas include gaps or chasms 
(wide differences) in patient care, performance variability, 
and the inability to use resources effectively (fragmented 
delivery systems/waste and overuse of services) because of 
system structures. 

The committee defined six concrete components of 
high quality care: 

Safe—The patient is not harmed or injured by any care 
or procedure. 

Effective—The patient receives the desired or expected 
result from the care or procedure administered. 
Patient-centered—Care is provided to a patient with re- 
spect and awareness of his or her preferences, needs, and 
values, with the patient involved in clinical decisions. 
Timely—Care is provided at the right time, avoiding 
harmful delays. 

Efficient—Care is performed in an organized and capa- 
ble way, achieving desired results, with minimal waste 
in time, effort, or supplies. 

Equitable—Patient receives care characterized by justice 
and fairness with impartiality toward all. 6 
Even with hospitals focusing on quality and attempt- 
ing to integrate these guidelines into care, 3 years later an 
estimated 380,000 to 450,000 preventable adverse drug 
events occurred in hospitals each year.' 1 In a more recent 
report, the Centers for Disease Control and Prevention 
noted that another 100,000 deaths could be attributed to 
infections. Newer studies from Health Affairs in April 
2011 suggest the rate of preventable harm may be up to 
10 times higher than the IOM estimates. 1 ' If this estimate 
is correct, preventable deaths may also be greater than the 
IOM estimates. 

In 2008, medical errors cost the United States $19.5 billion 
with $17 billion directly associated with additional medical 
cost. This cost is attributable to increased hospital cost (length 
of stay), malpractice, and lost income for households. 11 

Errors are also costly by creating a loss of trust in the 
medical system. In October 2011, Health Grades reported 
that patients being treated in a 5-star rated hospital, as 
compared with a 1-star rated hospital, had a 73% lower 
mortality rate and 54% lower risk of dying. Distinction 
among type of hospital, patient, or procedure is not always 
available for further analysis. 

TEAMWORK 

Developing teams of caregivers for multidisciplinary com- 
munication was described early on by IOM as a necessary 
component of change that needed to occur to improve 
patient safety. The traditional health care model is hierar- 
chical, with physicians giving orders and others doing 


what they say. The airline industry had this same problem; 
pilots were given the ultimate authority. When the airline 
industry embarked on a campaign to improve safety, they 
promoted a concept known as crew resource manage¬ 
ment (CRM). It is reminiscent of a “stop the line” philoso- 
phy employed in many factory operations to decrease 
defects in manufacturing. With CRM, crews were taught 
to function as a team, with each member having equally 
important roles and responsibilities regarding safety. 12 
The expectation is for every member to appropriately 
assert concerns for safety. The culture of health care orga- 
nizations must shift to emulate the importance of team¬ 
work. This can be especially difficult because many units, 
departments, or locations of a given organization may 
have very different cultures. Every member of the team has 
to be valued and be able to contribute. This will result in 
better coordination of care, early recognition of errors, and 
more rapid interventions. 12 Additionally, there will be an 
improvement in employee satisfaction with a decrease 
in turnover, increasing the number of skilied providers 
performing care. 

LEADERSHIP 

Willingness to admit everyday errors is important in de- 
signing the work environment to be able to permit errors 
so as to improve on processes. Before the IOM report 
To Err Is Human , individual personal blame had been 
attributed to errors. This made people unwilling to come 
forward and admit errors because disciplinary action 
would be applied. In an attempt to counteract this con- 
cern, there was a move toward a “blame-free” environment. 
The reality is no one can offer a blame-free system in which 
any conduct can be reported without acceptance of re- 
sponsibility at some level. There is a balance between 
the need to learn from our mistakes and the need for 
accountability. 

Just Culture 

The concept of a just culture in lieu of no blame has been 
introduced to address the concept of accountability and 
unsafe behavior. A just culture focuses on identifying and 
addressing systems issues leading individuals to engage in 
unsafe behaviors while maintaining individual account¬ 
ability by establishing a zero tolerance for reckless behav¬ 
ior. It distinguishes between human error, at-risk behavior, 
and reckless behavior (ignoring a safety step). As stated by 
the AHRQ, “in a just culture, the response to an error or 
near miss is predicated on the type of behavior associated 
with the error, not the severity of the event.” 13 

Let’s take as an example the process of confirming 
patient identification before performing procedures. 
The therapist neglects to do this and performs the treat- 
ment on the wrong patient. If the organizational system 
allows for inconsistency of providing identification 
bands for patients, it needs to be addressed as a system 
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issue. Focus would be placed on the improvements in the 
system and not the individual. If on the other hånd the 
therapist neglected to perform patient identification 
when the system sufficiently supports the placement of 
identification bands, and gave a treatment to the wrong 
patient, then the therapist has been reckless and has to 
be held accountable for the error. 

MEASURING QUALITY 
IMPROVEMENT 

Various systems for classifying errors are used today. 
According to Health Performance Improvement (HPI), 14 
safety events can be classified in three ways: near misses, 
precursor events, and serious safety events. 

Near misses are those errors that do not reach the 
patient because they are detected before they do. An ex- 
ample would be morphine being ordered at a higher dose 
than should be given; the pharmacist checks the order 
before preparing the drug, recognizes it is outside normal 
dosing guidelines, and informs the physician. 

The second classification is a precursor safety event, an 
event that reaches the patient but results in minimal to no 
detectable harm. If that same morphine dose error is not 
detected by the pharmacist or nurse and gets delivered 
to the patient but the patient does not have any adverse 
response, then it is a precursor safety event. 

A serious safety event is an event that reaches the 
patient and results in moderate to severe harm or death. 
If the overdose of morphine is given and the patient experi- 
ences a depression in respiratory effort resulting in apnea 
or death, this becomes a serious safety event. Serious safety 
events must be reviewed through a root cause analysis 
(RCA) to determine if a gap in care or a deviation from 
normally accepted practice has occurred. This is an impor- 
tant determination because harm can even occur when 
normally accepted practices have been followed. Such 
events would not be classified as serious safety events. 

It has been suggested that for every one serious safety 
event, there are hundreds of precursor safety events and 
thousands of near misses. It is important for health care 
organizations to not only analyze serious safety events but 
also review and report near misses and precursor events. 
Thorough reporting and analysis of near misses, precursor 
safety events, and serious safety events will identify sys¬ 
tems needing improvement. 

The Joint Commission on the Accreditation of Health¬ 
care Organizations (JCAHO) also reviews errors that are 
classified as sentinel events. The Joint Commission de- 
fines a sentinel event as “an unexpected occurrence involv- 
ing death or serious physical or psychological injury, or the 
risk thereof.” 1 '’ Organizations voluntarily report events 
after having completed an RCA. They then track categories 
for what has been submitted and reviewed. This allows 
us to see trends in patient safety. They also will report sen¬ 
tinel events on their website and encourage organizations 


to apply learning techniques to prevent similar events 
from occurring. As an example, in their Sentinel Alert 38, 
tubing misconnections were highlighted. 16 Tubing mis- 
connections are a potentially common area of concern for 
respiratory therapists. There have been reports of feeding 
tubes being connected to cuff pilot balloons of artificial 
airways and suction ports on inline suction catheters. 
After this report, organizations should have internally 
identified all possible tubing misconnections that could 
occur and implemented processes to eliminate the poten¬ 
tial for this error. 

Through reviewing sentinel events, The Joint Commis¬ 
sion sets national safety patient goals annually with the 
purpose of improving patient safety. The 2013 goals are 
listed in Table 36-1. 

Demonstrating improvements in quality outcomes en- 
compasses measuring whether efforts made lead to change 
toward the primary goal or at least moving in the desired 
direction. Further analysis must define whether efforts 
could contribute to unintended results in different parts 
of the system and require additional resources to bring a 
process back into acceptable range. 1, Quality measure re¬ 
porting should reflect quality practices, encourage better 
performance, and identify areas of improvements compared 
with other similar organizations. Reporting of quality mea- 
sures may be mandatory or voluntarily reported. State- 
to-state mandated reporting varies. In addition, other 
regulatory organizations may direct certain reporting 
obligations. Voluntary reporting is used to help the con- 
sumer search for high-quality health care. U. S. News and 
World Report magazine uses voluntary reporting to iden¬ 
tify its best hospitals. 

Benchmarking—Internal/External 

Measures of quality and safety can track progress of im¬ 
provement initiatives using reporting benchmarks. Bench¬ 
marking in health care is defined as the continual and 
collaborative discipline of measuring and comparing the 
results of key work processes with those who have what are 
considered best practices. 18 This process enables organiza¬ 
tions to continuously measure services, practices, costs, 
and products using best practices to improve care. There 
are two types of comparative benchmark models, internal 
and external. 

Internal benchmarks are used to identify best practices 
within the organization over time. It is important to under¬ 
stand that what is considered best practice within the orga¬ 
nization over time may not be reflected in other institutions. 
To be effective at internal benchmarking, implementing a 
process designed to promote idea sharing is required. Steps 
for the process include the following: 

1. Identify processes to benchmark. 

2. Organize efforts by conducting audits of current pro¬ 
cesses, determining what tools are most appropriate for 

the analyzing processes. 

3. Identify a similar internal process for comparison. 
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TABLE 36-1 


Joint Commission 2013 National Patient Safety Goals 


Goal 

Identify patients correctly 

Improve staff communication 
Use medications safely 

Prevent infections 


Identify patients at risk 
Prevent mistakes in surgery 


Specifics 

Use at least two ways to identify patients. 

Make sure the correct patient gets the correct biood. 

Get important test results to the right staffon time. 

Label medications before a procedure. 

Take extra care with patients who take medicines to thin biood. 

Record and pass along correct information about a patient’s medicines. 

Use hånd cleaning guidelines from the CDC. 

Use proven guidelines to prevent infections that are difficult to treat. 

Use guidelines to prevent infection of the biood from central lines. 

Use proven guidelines to prevent infection after surgery. 

Use proven guidelines to prevent infections of the urinary tract caused by catheters. Use hånd 
cleaning guidelines from the CDC. 

Use proven guidelines to prevent infections that are difficult to treat. 

Use guidelines to prevent infection of the biood from central lines. 

Use proven guidelines to prevent infection after surgery. 

Use proven guidelines to prevent infections of the urinary tract caused by catheters. 

Identify patients at risk for suicide. 

Make sure the correct surgery is done on the correct patient and at the correct place on the 
patient’s body. 

Pause before surgery to make sure that a mistake is not being made. 


CDC\ Centers for Disease Concrol and Prevention. 


4. Prioritize ideas from the team and turn them into 
projects with time lines for adopting best practices. 

5. Evaluate outcomes of the two processes to determine 
what causes the significant differences between them. 

6. Evaluate transferability of those aspects leading to 
improved performance. 

7. Transfer the aspects and monitor results. 19 

External benchmarking requires a comparison of work 
with other organizations with the intent to find new ideas, 
methods, products, or services. The objective is to continu- 
ously improve one’s own performance by measuring how 
it performs by comparing it with others. 20 External bench¬ 
marking involves using comparative data between organi¬ 
zations to scale performance and to identify processes that 
have been proven successful in other organizations. Ex¬ 
ternal benchmarking is usually performed through some 
type of intermediary, such as National Association of 
Children’s Elospitals and Related Institutions (NACHRI) 
or Children’s Hospital Association (CHA). Organizations 
must be able to define who to benchmark against. Most 
reporting is general and does not account for differences 
across the health care continuum. For example, evaluating 
results for community hospitals and tertiary care facilities 
may not provide a reasonable comparison. 

Some experts believe internal benchmarking is the 
most important type of comparison. Internal bench¬ 
marking may provide several advantages over its external 
counterpart because access to information is more read- 
ily available. One drawback of external benchmarking 
is that target companies may be reluctant to share in¬ 
formation for fear of losing competitive distinctions. 20 


This is typically not the case with internal functions. 
Another advantage is the transferability of practices. Al- 
though there may be geographical and process differ¬ 
ences within an organization, a cohesive infrastructure 
provides a common basis for benchmarking standards. 
External benchmarking can be difficult with cultural di- 
versity of organizations, practices that may work for one 
but not another because of varying organizational oper¬ 
ations. Finally, internal benchmarking can provide a 
seemingly safe training environment in which skilis and 
processes can be developed. This process prepares orga¬ 
nizations for external benchmarking processes. 20 A dis- 
advantage of internal benchmarking is that set targets 
may fall short of actual best practice in the industry. 

There are known discrepancies in the way in which orga¬ 
nizations confirm the existence of ventilator-associated 
pneumonia (VAP), a subtype of hospital-acquired pneu¬ 
monia that can occur when a person is receiving mechanical 
ventilation via an artificial airway. This makes is it difficult 
to use external benchmarking data in setting goals for rate 
reduction. Most organizations are currently using internal 
VAP rate to set goals for improvement. 

RELIABILITY 

High Reliability Organizations 

High reliability organizations (HRO) consistently mini- 
mize adverse events despite complex and hazardous work 
by maintaining a commitment to safety at all levels, from 
the frontline clinician to upper executives. To improve 
the ability to provide the highest quality care, health 
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TABLE 36-2 


High Reliability Organization Attributes 


Sensitivity to operations 


Preoccupation with failure 
Reluctance to simplify 
Deference to expertise 

Commitment to resilience 


There has to be constant awareness of the State of the systems and processes that affect patient care. 
If errors occur, quickly identify and fix them. People should be familiar with operations beyond their 
own job. People communicate clearly so there is a clear picture of any given situation. Implementing 
patient care rounds and safety huddies is a strategy for accomplishing this. 

Systematically study potential problems instead ofonly reactingto actual problems. Analyze near 
misses and precursor safety events as failures that reveal potential danger rather than as evidence of 
success and abilityto avoid danger. 

Accept that the work is complex and don’t expect simplistic solutions to work. Take nothing for 
granted. Listen to different points ofview. Develop clinical guidelines, protocols, and rapid response 
teams. 

In order to provide quality health service to increase the likelihood of desired health care outcomes, 
recognize available knowledge and defer to most relevant expertise. Listen to all team members 
physicians, nurses, respiratory therapists, parents, patients, etc. 

Cultivate the ability to detect, contain, and respond to system failures. 


care must apply these concepts, which are described in 
Table 36-2. 

Because many of these concepts are very different than 
the way we have practiced in the past, we have to conceptu- 
alize ways to apply them. If tasks are too complex, it be- 
comes impossible to distinguish doing the work right 
from doing it wrong. If there are no opportunities to talk 
about issues with other staff, there is little chance people 
will be exposed to other views or information and little op- 
portunity to discuss near misses. If leaders aren’t routinely 
observing and talking with staff providing direct patient 
care, they will not understand the operations for which 
they are responsible. Some approaches that have been tried 
successfully include the following: 

Simplijying work processes. To be successful in making 
your system more reliable, reduce what staff are expected 
to do into a limited set of clearly defined behaviors. En- 
courage staff to incorporate error prevention techniques 
into their work. 

Daily check-ins. These are short and focused meetings 
between the unit leadership and staff. This supports the 
importance of any effort that leadership is involved in and 
allows for staff to raise questions. 

Executive rounds. Leadership within an organization is 
the driving force behind the culture that exists within it. In 
order for quality and safety to be a priority, the message 
must come from the CEO and board. Having executives 
around in the clinical environment will create an opportu- 
nity for leaders to model the behavior that they want staff 
to perform. During rounding, hospital leaders are able to 
retain an awareness of operations that will assist them in 
good decision making. Rounds allow staff to raise issues 
with leaders and it solidifies the importance of quality and 
safety behaviors. Leaders must follow up on any issues that 
are raised so continual feedback can occur. 

Safety huddies. Safety huddies are used as a way to 
gather the clinical team together throughout the day. An 
example is to have huddies on units every 12 hours in or¬ 
der to raise safety issues with the entire team. The huddies 


are usually very short but allow anyone to raise concerns 
about safety. 

Performance management. This is extremely important 
to reward staff for desired behavior and identify and re- 
solve any unwanted behaviors. 21 

Implementation of these concepts will result in patient 
safety being an intrinsic part of how organizations operate 
all the time. This is proven based on results from other 
industries similar to health care, in that they are complex, 
high-risk systems that have accomplished great safety im- 
provements by doing so. They have driven themselves to 
become HROs. As a definition, “reliability depends on the 
lack of unwanted, unanticipated and unexplainable vari- 
ance in performance.” 22 What can we learn from other 
similar industries? In the United States in 1980 there were 
7.3 unplanned nuclear reactor shutdowns per 7000 hours. 
In 2000 there was none (Figure 36-1). 

The nuclear power industry worked hard on safety 
culture and error prevention and was able to achieve this 
dramatic improvement in safety statistics. The airline in¬ 
dustry was able to reduce their accident rate over 30 years 
from about 25 accidents per year to near zero. This was 
accomplished using the same principles applied to nu¬ 
clear power. Despite being complex and high-risk in¬ 
dustries, they have successfully developed processes to 
remain safe. 

Evidence-Based Practice 

Health care organizations consist of diverse levels of ex- 
perience pertaining to clinical process innovations, and 
staff tolerance for change involving incorporation of evi¬ 
dence into practice differs. Evidence-based practice 
(EBP) can facilitate quality improvement efforts as on 
ongoing process. Primarily EBP is the multidisciplinary 
approach to decision making in which the practitioner 
systematically finds, appraises, and uses the most current 
and valid research Åndings as the basis for clinical deci¬ 
sions. These theories can be applied to the health care 
organizational structure and processes. A generalized 
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Significant events 



Fiscal year 

FIGURE 36-1 Nuclear reactor significant events (1985-2007). (Source: U.S. Nuclear Regulatory 
Commission New Release No. 09-033, February 2009.) 


approach for constructing quality improvement pro¬ 
cesses should include the following: 

Identification of a problem and executive visibility 
Designation of clinical champion and team 
Process flow chart prepared before and after implemen- 
tation of the intervention or change, to identify respon- 
sibility and ensure resource needs are transparent 
Mapping out of necessary tools to support changes that 
are developed and used to track outcomes built into 
decision support and information systems and educa- 
tion training materials 

Monitoring with feedback if provided to involved staff 
on a regular basis 

Continual detailing of the intervention, which is re- 
viewed for ongoing improvement and maintenance 
Figure 36-2 conceptualizes what is required when incor- 
porating evidence into practice. 


Clinical care guidelines should be established using 
evidence to improve clinical outcomes. Challenges in pedi¬ 
atric evidence-based practice are present because of limited 
accessibility and readiness of applicable data. 

Practitioner Skiils 

Achieving high-quality care on a consistent basis in a reli- 
able way requires all health care team providers to make 
right decisions about the appropriateness of services as 
well as the skilis, judgment, expertise, and timely execution 
of care provided/ The decision-making process should 
include focus on utilization of resources, quantity and 
necessity of treatment and test ordered, and appropriate¬ 
ness of therapy with a thorough evaluation of risk-benefit 
analysis. Once the treatment plan is in place, duty fails 
on the performance or skili—that is, how well actions 
were carried out—of the individual to provide care in 



FIGURE 36-2 Transferring evidence into practice. 


































CHAPTER 36 • Quality and Safety 


687 


the manner that fits the policies and standards in place to 
reduce errors and optimize patient safety. 

Agency for Healthcare Research 
and Quality 

The Agency for Healthcare Research and Quality 
(AHRQ) is a federal authority for patient safety and quality 
care. The AHRQ is a leader, particularly in pediatrics, fund- 
ing safety and quality improvement efforts, formulating 
information, and distributing those findings to health care 
practitioners and the public to optimize awareness. 2 The 
reports and assessments provide organizations with com- 
prehensive, evidence-based information on typical medical 
conditions and new health care technology. More recent 
reviews of potential pediatric safety issues reveal that the 
hospitalized child who experiences a safety event, as com- 
pared with those who do not, have a length of stay 2 to 
6 times longer, hospital mortality 2 to 18 times greater, and 
hospital charges 2 to 20 times higher. In addition, the sever- 
ity of illness and type of hospital, outside of birth trauma, 
are directly associated with patient safety incidents. After 
extensive review, 18 quality indicators for both provider 
level and diagnostic area were recommended as measurable 
components. Because these indicators have the most po¬ 
tential to cause an adverse event in hospitalized children, 
safety systems targeting these areas should reduce length of 
stay and any additional events in this patient population 22 
(Box 36-1). 

As part of AHRQ’s safety mission and initiatives, this fed¬ 
eral agency actively provides information, tools, and grants 


to improve the statistics for health care-associated infections 
(HAIs). Action alerts are posted monthly, keeping the health 
care community up to date with the latest research. The goal 
is to identify and prevent infections at the point of care. 

Health care-associated infections are infections pa¬ 
tients acquire while receiving treatment for another con- 
dition in some type of health care facility. Millions of 
infections and thousands of deaths occur annually, mak- 
ing HAIs the most common complication of hospital 
care. Financially, HAIs add $28 to $33 billion to health 
care costs. AHRQ researches barriers and challenges in 
preventing the most common and therefore most costly 
HAIs. These infections cause extended hospital stays and 
increased cost and risk of mortality. Types of infections 
include bloodstream infections (BSIs), catheter-associated 
urinary tract infections (CATIs), surgical site infections 
(SSIs), and ventilator-associated pneumonia, which to- 
gether account for more than 80% of all HAIs. 24 

In an AHRQ Evidence Report/Technology Assess- 
ment, Prevention of Healthcare Associated Infections, research- 
ers identified proper hand-washing hygiene as a major 
intervention for all HAIs. The report suggests printed or 
electronic reminders and staff education as successful 
methods for improving patient outcomes. 24 

According to the U.S. Department of Health and 
Human Services (HHS), AHRQ is a leader in collaborating 
and aligning its efforts with cross agencies in developing 
comprehensive short- and long-term goals to reduce and 
eliminate HAIs nationwide. The Partnership for Patients is 
one of those agencies. Their shared goal is to “improve the 
quality, safety, and affordability of health care for all 
Americans.” 24 This will result in more than 1.8 million 
fewer injuries with more than 60,000 lives saved over a 
3-year period. Working with Partnership for Patients, the 
AHRQ prioritized safety measures include the following: 

Reduction of Health Care-Associated 
Infections 

Appropriate timing of antibiotics for surgical patients 
will help reduce wound infections after surgery, a com¬ 
mon occurrence. If successful, postoperative sepsis, a 
severe bloodstream infection occurring after surgery, will 
decrease. Receiving the right antibiotic at the right time 
on the day of surgery is most effective in preventing HAIs 
postoperatively. Additionally, “ensuring good glycemic 
control, using appropriate hair removal methods, con- 
tinuing beta blocker therapy when appropriate, and ad- 
ministering appropriate thromboembolism prophylaxis 
can reduce morbidity and mortality.” 24 

Central Line-Associated Bloodstream 
Infections 

Because children who require central lines are often already 
in critical condition because of their medical condition, 
which can include trauma or premature birth, any new 
infections can negatively affect their chances of recovery. 


Pediatric Quality Indicator Set 

Provider Level Indicators 

Area Level Indications 

Accidental Puncture or 

Asthma Admission Rate 

Laceration 

Diabetes Short-Term 

Decubitus Ulcer 

Complication Rate 

Foreign Body Left During 

Gastroenteritis 

Procedure 

Admission Rate 

latrogenic Pneumothorax 

Perforated Appendix 

in Neonates at Risk 

Admission Rate 

latrogenic Pneumothorax 

Urinary Tract Infection 

in Non-neonates 

Admission Rate 

Pediatric Heart Surgery Mortality 
Pediatric Heart Surgery Volume 
Postoperative Hemorrhage 


or Hematoma 


Postoperative Respiratory Failure 
Postoperative Sepsis 

Postoperative Wound Dehiscence 
Selected Infections Due to 


Medical Care 

Transfusion Reaction 


From Pediatric Quality Indicators: Software Documentation, Ver¬ 
sion 3.2 SAS. Table 1. Pediatric Quality Indicator (PDI) Variables. 
Department of Health and Human Services Agency for Healthcare 
Research and Quality, www.qualityindicators.ahrq.gov, Accessed 

| September 23, 2013. 

_ 
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Great emphasis needs to be placed on the proper insertion 
and management of central lines, which will result in a 
significant lowering of infection rates. 24 

Reduction of Severe Adverse Events 

Serious adverse events (SAEs) are situations arising 
from medical and surgical procedures or adverse drug 
reactions, which are commonly treated in outpatient 
settings—physician offices, hospital outpatient depar- 
tments, and hospital emergency departments. If suc- 
cessfully prevented, ambulatory care visits as a result of 
adverse effects of medical care will diminish. 

Mechanical adverse events are SAEs for the homebound 
patient caused by the placement or use of catheters. Bleed- 
ing, hematomas, or knotting of the catheter are examples 
of these events. Patients often visit an ambulatory care 
center for assistance. 

Respiratory Failure 

Respiratory issues are not uncommon after surgery. Rein- 
tubation or prolonged mechanical ventilation may be 
necessary. “Causes include: over-sedation, exacerbation 
of underlying cardiovascular or respiratory conditions, 
and ventilator-associated pneumonia.” 24 Close attention 
should be paid to these risk factors. 

Preventable and Premature Mortality 
Rates 

Rapid identification and aggressive treatment of complica- 
tions may prevent deaths after hospital care. Death may 
occur from “pneumonia, thromboembolic events, sepsis, 
acute renal failure, gastrointestinal bleeding or acute ulcer, 
shock, or cardiac arrest.” 24 

30-Day Mortality Rates 

Reducing deaths within 30 days of admission, especially 
from pneumonia and acute myocardial infarction, is an- 
other safety initiative. 

INFORMATION TECHNOLOGY 

The role of information technology is crucial to the quality 
and patient safety movement. Pediatric-specific technol¬ 
ogy is evolving but is challenged because of the faet that 
most computerized systems are designed for adults. Lim¬ 
ited effeetiveness in preventing medication errors without 
significant additional improvement processes make for 
specific localized institutional needs. Health information 
technology systems enable more reliable, effeetive commu- 
nication within and across health care settings. Accessibility 
to patient information at the point of care assists clini- 
cians with decisions and can reduce error potential. 25 A 
variety of IT health systems are currently available that 
perform checks in real time, assisting with calculations 
and alerting providers of potential adverse events. Addi¬ 
tional system benefits may include recommended treatment 


decisions based on evidence-based medicine, prescription 
systems where orders are checked for accuracy, and patient 
records that can be accessible to both health care practi- 
tioner and patients. 

Technology can be an efficient solution for facilitating 
prescription orders, where the paper-based process often 
leads to errors resulting from illegible handwriting, incor- 
rect dosing, or missed drug-drug interactions and allergy 
alerts. As meaningful use stages are defined and inereased 
focus is placed on the ability to exchange health informa¬ 
tion across health care settings, improved coordination 
of care is enabled. Health IT systems are tools that have 
been recognized to prevent medication errors and provide 
solutions to communication and accountability gaps. IT 
solutions provide the ability to assist clinical decision 
making. Although effeetive IT systems within a health care 
setting are important in realizing better quality of care, 
expanding these practices beyond the primary and acute 
care setting inereases the opportunity to detect potential 
adverse events through access to current, accurate, and 
complete patient health information. 

There are potential drawbacks to IT implementation. 
If it is not optimally integrated into the workflow of the 
organization, it can generate extra work for the clinical 
team. Another barrier to the adoption of IT is the extreme 
cost of implementation and maintenance of the system. In 
addition, the cultural adjustment associated with the 
adoption of a new system such as electronic health records 
can be challenging if people resist practice change. 

DESIGNING SAFE PROCESS 

Six Sigma 

Six Sigma was developed by Motorola as a quality im¬ 
provement (QI) strategy. The term itself is derived for the 
Greek letter sigma, which statisticians use to measure stan¬ 
dard deviations or known variance and the degree to which 
almost perfeet production can occur. 26 Six Sigma is based 
on scientific method and involves improving, designing, 
and monitoring processes to minimize or eliminate waste 
while optimizing satisfaction and inereasing financial 
stability. There are two main methods Six Sigma uses to 
measure processes. One inspects process outeomes by 
counting defeets and uses a statistical conversion rate. 
The second method predicts process performance by esti- 
mating process variation. 27 

Six Sigma employs a five-step strategic process: define, 
measure, analyze, improve, and control approach. 28 Goals, 
stakeholders, and process owners of an improvement ac- 
tivity are identified in the define stage of the Six Sigma 
strategic process. A task is identified, historical data are 
reviewed, and a scope of expectations is defined. Various 
tools such as focus groups, mapping, and cause-effect dia¬ 
grams are employed to define improvement process. 2 ' 1 
Next, standards are selected and performance objectives 
and sources of variability are defined. During the measure 
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step, quantitative measurements of current practices are 
compiled. Collected data are analyzed and validated to 
determine the capability of the new process. In addition, 
objective data are used to identify ways to eliminate gaps 
between the current State and the desired State and statisti- 
cal tools are used to guide improvement plans. In the 
improve stage, planned changes are implemented and 
evaluated. Quantitative data are collected again and used 
to evaluate the outcome of the implemented change. 
The final step of the process is the control step. This 
step is considered the most important in the process— 
requirement identification and construction of formal 
plans and processes for maintaining control of the new 
system. 26 

Although created for the manufacturing industry, 
Six Sigma is successfully used to decrease defects 
and variations, decrease operating costs, and improve 
outcomes in a variety of health care settings and pro¬ 
cesses. 2 Standardizing processes to improve efficiency 
and outcomes should be a focus of patient safety efforts 
in health care organizations. 

Lean production 

The Lean methodology, derived for the Toyota produc¬ 
tion system, targets customer needs and aims to improve 
processes by removing activities that are considered no- 
value-added. The basic principles of Lean are to minimize 
waste in all aspects of production. The critical components 
of Lean include identifying exactly what defines “value” to 
the customer and then creating a value map, similar to a 
process map but with the addition of a value-added or no- 
value-added step from the customer’s perspective. 

Successful application of the Lean methodology in the 
health care system includes eliminating unnecessary activi¬ 
ties associated with overcomplicated processes and work- 
arounds with frontline staff. 27 The goal of the methodology 
is to maximize value added, activated in the best possible 
sequence, to enable continuous operations. In essence this 
will improve quality and prevent errors. 2 ' In addition, Lean 
methodology can be used to develop applications for evi- 
dence-based practice processes and needs. 26 

Root Cause Analysis (RCA) 

Another extensively used technique to identify and un¬ 
derstand the underlying causes of an event as well as po¬ 
tential associated events is called a root cause analysis 
(RCA). The RCA technique is a retrospective, systematic 
process using information from an unplanned event to 
identify and understand the underlying causes of the 
event. 26 It is used to identify trends and assess risk when 
human error is suspected, with the understanding that 
the system issues, not individual factors, are likely the 
root cause of most problems. 6 It is important to under¬ 
stand in health care that a problem often has more than 
one cause and that errors as a result of those causes can 
be interrelated. 


A multidisciplinary team completely examines the 
event, aims to uncover underlying causes, and identifies 
causal, situational, enabling, and contributing factors, 
both active and latent, of the incident. The final step of the 
RCA is developing recommendations for system and pro¬ 
cess improvement based on the findings of the investiga- 
tionc RCA has been shown to be a useful technique to 
report errors and differentiate between active and latent 
errors, identifying the need for change to policies and pro¬ 
cedures and serving as a basis to suggest system changes, 
including improving the communication of risks.- 

The Joint Commission now requires an RCA be per- 
formed in response to all sentinel events (significant harm 
to a patient) and expects the organization to develop an 
action plan aimed at reducing future risks based on the 
findings, as well as to monitor the effectiveness of the 
action plan. 26 

Failure Modes and Effects Analysis 

Failure Modes and Effects Analysis (FMEA) is a pro- 
spective risks assessment tool used to identify and elimi¬ 
nate known and potential failures, problems, and errors 
for a system, design, process, or service before they actually 
occur. This technique was developed by the U.S. military 
and is used by the National Aeronautics and Space Admin¬ 
istration (NASA) to predict and evaluate potential failures 
and unrecognized hazards and to proactively identify steps 
in a process to reduce or eliminate future failures. It was 
adapted for health care by the Department of Veteran 
Affairs and the National Center for Patient Safety. 26 

In health care the goal is to use a multidisciplinary 
team to evaluate a process from the quality improve¬ 
ment perspective. 2 The estimated effect of each process 
failure is determined by how likely it is to occur, how 
visible the failure is, and how catastrophic the failure 
would be if it happened. Information learned from the 
FMEA process can be used to provide data for prioritiz- 
ing improvement strategies, serve as a benchmark for 
improvement efforts, educate and provide a rationale for 
practice change, and increase the ability of the team to 
facilitate change across all services and departments 
within a hospital. 2 This tool is most effective when new 
processes are being designed. 26 

Health Failure Modes and Effects Analysis (HFME A) 
is used to provide detailed hazard analysis of smaller pro¬ 
cesses and develop specific recommendations. It is impor¬ 
tant to list all possible and potential failure modes of each 
process and determine if they warrant further action. 27 

How are these quality improvement strategies similar? 
Can they work together in synergy or should they be done 
in isolation? Although these QI systems were developed 
from outside the medical field, they have successfully been 
adapted to health care processes. The terms of Lean and 
Six Sigma are often used together; though different in ap¬ 
proach, their complementary processes can be used sim- 
ultaneously. Six Sigma can be used to identify variation 
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of practice, then measure the scope of the problem. Lean 
can identify the voice of the customer and the defined 
value to formulate the clinical question to ask. A part of 
Lean is Kaizen, which means continuous quality improve¬ 
ment, emphasizing the philosophy that poor quality arises 
from bad systems rather than bad people, which is part of 
the Lean principles. 30 

Plan-Do-Study-Act 

The Plan-Do-Study-Act (PDSA; Figure 36-3) method is 
aggressively used to make constructive changes in the 
health care industry as a rapid-cycle improvement pro- 
cess. 31 It is one of the most commonly used methodologies 
in health care. Introduced by Shewart and Deming as a 
continuous quality improvement business practice, PDSA 
moved into health care when the Institute for Healthcare 
Improvement (IHI) recommended it for implementing a 
process for quick change 26 This method uniquely imple- 
ments small and frequent changes that are analyzed for 
effectiveness before they are implemented on a large-scale 
basis. 31 The PDSA quality improvement efforts aim to 
establish a functional relationship between changes in 
behavior and capability and outcomes. To establish tar- 
geted constructive changes, three questions are posed 
before implementing a PSDA cycle: 

1. What is the goal of the project? 

2. How will one know whether the goal was reached? 

3. What will be done to reach the goal? 

The PDSA method aims to determine the nature and 
scope of the problem, the necessary changes, a plan to 
implement those changes, who should be involved, and 
what should be measured to determine the impact of the 
change. Once data and information are collected, key 
measures are reviewed to indicate the success or failure of 
the implementation. 27 In the Planning phase, current 
situations and root causes are evaluated. The hypothesis 



is developed about what will occur with the change. 
The Do phase includes small-scale testing or pilots being 
carried out. The Study or check phase examines the re¬ 
sults. It is in this phase where the assessment of the 
change is based on quantitative or qualitative data. In 
the Act phase, the decision to enact or abandon the 
planned change is made from the analysis of data in the 
previous stage. This includes whether the change will 
be moved to larger scale implementation. Ideally multi¬ 
ple PDSA cycles are used in succession, starting with the 
easiest and then moving to more difficult. 26 The majority 
of PDSA quality improvement efforts find greater success 
using a series of small and rapid cycles to achieve the 
goals of intervention. 3 

TOOLS FOR PROCESS 
EVALUATION 

A variety of tools ranging from basic to complex are used 
to define and analyze distinet processes that typically pro- 
duce quantitative data. This section provides a few exam- 
ples of quality tools used by organizations to facilitate 
improvement processes. 

Flowcharts are used to map each step of a process show- 
ing logical sequencing for completion of an operation. A 
flowehart is a good starting point for a team seeking to 
improve an existing process or planning a new process or 
system. Check sheets are simple tools to measure the fre- 
quency of events or defeets over a time interval. This pro¬ 
cess is used for information gathering and can be used 
easily while providing immediate data to help understand 
processes. 

In cause-and-effect diagrams, commonly known as 
fish-bone diagrams, the problem (effeet) is stated in a 
box and the likely causes (bones) are listed around the 
heading that leads to the effeet. This is often used to 
identify contributing factors of a complex problem. The 
spaghetti diagram is a visual way to depict the material 
or information flow through a process in a diagram- 
matic form (Figure 36-4). The spaghetti diagram helps 
identify waste that is often not even recognized as such— 
for example, walking to and from a medication dispens- 
ing machine that is located too far away for staff using 
it. This diagram helps determine the physical flow and 
distance that information and people travel to process 
work (see Figure 36-4). 

Tree diagrams help to identify the tasks and methods 
needed to solve a problem and reach a goal. These dia¬ 
grams entail creating a detailed list of tasks that need to be 
accomplished to achieve a goal. One example of a tree dia¬ 
gram is a driver diagram. Figure 36-5 is an example of the 
driver diagram process used to outline reducing HAI 
through the reduction of VAP. 

Quality tools are different than the improvement pro¬ 
cess. Multiple tools might need to be used for any given 
process improvement project. 
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FIGURE 36-4 A, Fishbone diagram. B, Spaghetti diagram. 


HANDOFF COMMUNICATION 

Handoff communication is a high-risk process causing er¬ 
ro rs that lead to ineffective care and patient safety breaches. 
It is estimated that 80% of serious medical errors involve 
miscommunication among caregivers when a patient is 
transferred or handed ofif to another area. Improving the 
accuracy, completeness, and accessibility of patient infor¬ 
mation can reduce ineffective handoff communication. In 
2006 the Joint Commission added a handoff-related goal 
to its expanding set of national patient safety goals and 
made specific expectations that health care organizations 
implement a standardized approach to handoff communi¬ 
cation. One way to improve communication processes is 
the use of a standardized method of handoff. 

CULTURE OF SAFETY 

A study by Taylor et al. showed the incident report system 
used in children’s hospitals does not always support quality 
care. Their study showed that incidents of actual harm to 
the child were reported but not “near misses.” Quality im- 
provement comes from the “near misses” as well as the 


harmful events. Improving education of staff concerning 
what should be reported and how to report an incident is a 
priority. They summarized that a reporting system should 
be “easily accessible, require a small amount of time and be 
in electronic format, where possible.” 32 As Taylor’s team 
States, ultimately, reporting medical errors should be seen 
not as a punitive exercise but as an essential ingredient in 
providing optimal patient care. 32 

James Reason, a well-known professor and expert on the 
practice and theory of safety, describes safety cultures as 
shared values and beliefs that interact with an organiza- 
tion’s structures and control system to produce behavioral 
norms. An ideal safety culture is the necessary driver in 
sustaining efforts to reduce operational hazards. Two kinds 
of fallibility are present: individual and systems. Individual 
accidents are ones in which specific persons or groups are 
both the agent and the victim. 33 

There are many layers of defense, barriers, and safeguards 
that are a part of a systems approach to prevent errors. They 
include alarms, physical barriers, and alerts, as well as proce- 
dural and administrative Controls. Their function is to pro- 
tect patients from hazards or harm. Most often they work 
effectively, but many systems have weaknesses or gaps. 
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Secondary drivers 



FIGURE 36-5 Driver diagram. 


These gaps are created by active failures and latent condi- 
tions. Nearly all adverse events involve a combination of 
these two factors. Active failures are unsafe acts committed 
by those people who are in direct contact with the patient or 
system. Latent conditions are the inevitable flaws within the 
system caused by failures in design and or process and man¬ 
agements inability to anticipate all possible scenarios. The 
Swiss cheese models shown in Figure 36-6 illustrate both 
how layers work to prevent errors from reaching patients 
and how at times the holes line up in sequence to allow 
harm to patients and produce what can be a serious adverse 

1.A 

event. 

SAFETY BEHAVIORS FOR ERROR 
PREVENTION 

A key area for improving safety is to promote behaviors that 
prevent errors. Most organizations have implemented meth- 
ods to do this based on an analysis of their own needs and 
what will work best within their internal culture to obtain 
the best improvement results. Techniques for preventing er¬ 
rors may include coaching and cross-checking, speaking up 
for safety by incorporating an organizational phrase that 
should make everyone stop and listen, critical thinking de- 
velopment, effective communication techniques, and paying 
attention to details. Everyone must incorporate coaching 


and cross-checking into the way an organization functions. 
It must be viewed as a positive intervention. It is important 
to look out for one another to catch possible mistakes 
and build a greater sense of accountability of the team. This 
helps everyone perform at their best and promotes team 
performance. Encouraging safe and productive behaviors 
and discouraging those behaviors that are not a part of the 
peer coaching process. Often a 5:1 positive feedback ratio is 
used to reinforce good habits and eliminate bad ones. 

Speaking up for safety normally encompasses using 
smart words to guide practices and avoid resistance; ver- 
biage typically includes phrases like “I have a concern,” 
“I need clarification,” and “Help me to understand.” It will 
also provide a means for going up the chain of command 
if necessary. 

Thinking critically about observations made during 
the course of the workday, asking questions, and listen¬ 
ing to your “gut” enable practitioners to practice with a 
questioning attitude. It is important to reflect on prac¬ 
tices and processes that one may have issues with and 
resolve any questions that one may have with source 
verification, content expert substantiation, and other 
confirmation processes. 

Paying attention to detail can be very effective in avoid- 
ing slips during patient care. Self-checking by making your- 
self stop and think before acting can reduce the probability 
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Some holes due to 
active failures 




Hazards 


of making an error. This process should only take a 
few seconds and is especially critical when you are asked 
to perform a task that you have not done in a while. 

Communicating effectively entails a variety of safety 
practices to ensure accurate communication and under- 
standing. Phonetic clarification is a tool to ensure that 
correct information is being transmitted. When commu¬ 
nication involves a letter, the letter is followed by a word 
that begins with the letter—for example, “C Charlie, 
A Alpha, T Tango.” In addition, numerical clarification is 
used to ensure that accurate numbers are being commu- 
nicated. For 50, one would say, “50, that’s five-zero.” 
Implementation of leading zero placement and follow- 
ing zero elimination when using decimals is another 
effort in place to improve communication. 

Handoff communication using SBAR (Situation/ 
Background/Assessment/Recommendation) has become 
a widely accepted sign-out strategy because of the sup¬ 
port of the Joint Commission and the IHI. It uses a 
structured method for all communication practices be- 
tween providers. 24 

Situation: Who or what you are calling about and the 
immediate problem 

Background: A brief description of the relevant history 
related to the condition 

Assessment: Your view of the situation and your perception 
of the urgency of action 

Recommendation: Your suggestion about the action that 
should be taken or your request for guidance on what 
action to take 

SBAR originated at Kaiser Healthcare but can also be 
credited to the nuclear U.S. Navy. The Joint Commis¬ 
sion then expanded the strategy to include interactive 


communication that allowed for questions between giv¬ 
ers and receivers of information, a process for verifica- 
tion of the information exchanged, and an opportunity 
to review historical data and finally a process that lim- 
ited interruptions. 3 '' 

A three-way repeat back is another method to ensure 
that important information is transferred in a clear, 
complete, and accurate manner. This involves the sender 
providing an order, request, or information in a clear 
and concise format; the receiver acknowledges by re- 
peating back the order, request, or information, and 
then the sender acknowledges the accuracy of the repeat 
back. If the information is incorrect, the process is 
repeated. 

Patient safety has to become second nature and an 
intrinsic part of how we practice as respiratory thera- 
pists. As part of the multidisciplinary team we have a 
responsibility to perform the techniques mentioned in 
this chapter to reduce errors and improve practice. As 
public awareness has increased and continues to do so, 
all health care organizations will need to be able to pro- 
vide evidence of improvements in safety. In order to ac- 
complish this, there will be many exciting changes in the 
future. Respiratory therapists need to be involved in and 
lead such changes in areas related to our practice. In 
1859 Florence Nightingale said, “It may seem a strange 
principle to enunciate as the very first requirement in 
a Hospital that it should do the sick no harm.” 36 
Although this concept was never fully understood at the 
time, the time is now to do so. We have a long way to go, 
but by embracing proven quality and safety techniques, 
health care can be as safe as other high-risk, complex 
industries. 
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CASE STUDY 


As hospitals engage in creating a culture ofsafety within their 
organizations, elimination of health care-associated infec- 
tions has been a focus. In Tyoli Hospital it was noted that 
there had been 5 ventilator-associated pneumonias (VAP) 
per 1 000 ventilator days confirmed using Centers for Disease 
Control and Prevention criteria over the past month. The 
hospital realized an improvement effort must be initiated. A 
multidisciplinary team was assembled to consider how to 
move forward. The team consisted of respiratory therapists, 
nurses, physicians, and infection prevention specialists. 
When the team convened, they realized they needed data 
and information to move forward. They performed a litera- 
ture review of VAP, did external benchmarking, and reviewed 
practices across all intensive care units to look for best prac- 
tices. Specific care elements for patients on ventilators were 
clustered into a bundle. A bundle is a group of independent 
steps that when implemented collectively and reliably result 
in significantly better patient outcomes than when individu- 
ally applied. An example of a bundle to reduce VAP is 
provided in the following list: 

• Elevation of head of bed 

• Daily assessment of readiness to extubate 

• Comprehensive oral care 

• Daily assessment of readiness to wean/extubate 

• Keep ventilator circuit free from condensate 

• Inline suction catheters 

• Peptic ulcer disease prophylaxis 

• Deep venous thrombosis prophylaxis 


When all these things were completed, the team devel- 
oped a driver diagram (see Figure 37-5). The diagram iden- 
tified factors that would affect accomplishing the goal of 
reducing VAP, along with the specific reduction goal and 
the process measures used to monitor compliance with 
implemented changes. 

The next phase was educating all staff involved in care 
of patients on ventilators, with the expectation everyone 
would follow the same care bundle, and included all dis¬ 
ciplines. Clinical champions were identified for each area 
and discipline to lead the process change. The imple- 
mentation process can be launched successfully if the 
health care system is effectively designed, with champi¬ 
ons from administration, leadership, and frontline staff 
maintaining the initiative’s momentum. Before imple- 
menting the standardized care delivery process, staff 
members were introduced to evidence-based informa¬ 
tion about VAP. They also were oriented to the ventilator 
bundle and daily goal sheets at staff meetings and in- 
services, through poster presentations and one-to-one 
individual sessions. Ongoing education, reeducation, 
and reinforcement provided ampie opportunity for staff 
to voice concerns, ask questions, and offer feedback 
about the initiative. 


CASE STUDY 


ASSOCIATED PNEUMONIA MOVEMENT TOWARD 
IMPROVEMENT 

Compliance rate for identified process measures were used as 
an indicator of degree of bundle implementation. Compliance 
rate was calculated as the number of interventions delivered 
versus the number of possible interventions. Weekly audits 
were conducted to collect data and track compliance with the 
use of the daily goal sheet and the bundle interventions, reedu- 
cating and reinforcing, as necessary, to address any noncom- 
pliance issues. Once data were available, findings were ana- 
lyzed and reported graphically to visually reinforce the staff’s 
efforts. In addition, a weekly Schedule for team meetings to 
allow for open communication occurred, which encouraged 
participation and gained buy-in from the frontline clinicians. 
Storyboards for emphasis of implementation and currentVAP 
rate (as an example, “Days VAP free”) were useful tools in 
making these changes to standard operating procedure. 

The following figure displays the process measure compli¬ 
ance over the next year. 


VAP process measures 



Tyoli hospital continued its focus on VAP prevention and 
monitored VAP rates per 1 000 ventilator days monthly. Their 
VAP rates are depicted in the following figure. 
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After review of these data, Tyoli hospital’s efforts at VAP re¬ 
duction would be best affected by implementing which of 
the following? 

1. Reeducation of staff on head of bed to influence VAP rates. 

2. Implementation of oral care kits to improve compliance. 

3. Continuation of current activities while monitoring 
compliance. 

4. Selection of other process measures to improve VAP rates. 


VAP rate/1000 ventilator days 



Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb 


See Evolve Resources for answers. 
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• Methods health care practitioners can use to prevent 
errors include the following: 

Coaching and cross-checking 
Speaking up for safety 
Thinking critically about observations 
Paying attention to detail 
Communicating 


' KEY POINTS 

• Health care quality is defined as the degree to which 
health services for individuals and populations increase 
the likelihood of desired health outcomes (quality princi¬ 
ples), are consistent with current professional knowledge 
(professional practitioner skili), and meet the expecta- 
tions of the marketplace. Patient safety is the foundation 
upon which all aspects of quality care are built. 

• The awareness and subsequent scrutiny of quality 
care evolved through massive reporting processes 
and evaluation of landmark events. In 2000 the U.S. 
Institute of Medicine issued To Err Is Human'. Buildinga 
Safer Health System. The second major report from the 
IOM committee, Crossing the Quality Chasm: A New 
Health System for the 2lst Century (2003), expanded 
the work, calling for action to improve the American 
health care delivery system as a whole. 

• The culture of health care organizations must shift to 
emulate the importance of teamwork. 

• The concept of a just culture in lieu of no blame has been 
introduced to address the concept of accountability and 
unsafe behavior. A just culture focuses on identifying and 
addressing systems issues leading individuals to engage in 
unsafe behaviors while maintaining individual account¬ 
ability by establishing a zero tolerance for recklessness. 

• Demonstrating improvements in quality outcomes 
encompasses measuring whether efforts made lead to 
change toward the primary goal or at least moving in the 
desired direction. Internal and external benchmarking are 
two methods used to calculate outcomes. 

• High reliability organizations (HRO) consistently 
minimize adverse events despite complex and hazard- 
ous work by maintaining a commitment to safety at 
all levels, from the frontline clinicians to upper 
executives. This is accomplished by sensitivity to 
operations, preoccupation with failure, reluctance 

to simplify, deference to expertise, and commitment 
to resilience. 

• Information technology provides accessibility to patient 
information at the point of care, assists clinicians with 
decisions, and can reduce error potential. Drawbacks 
include the generation of extra work for the clinical care 
providers, the extreme cost of implementation, and a 
cultural adjustment associated with the adoption ofa 
new system. 

• Safety processes include Six Sigma, Lean methodology, 
root cause analysis, Failure Modes and Effects Analysis, 
and Plan-Do-Study-Act process. Tools include fishbone 
diagrams, spaghetti diagrams, and flowcharts. 

• James Reason describes the many layers of defense, 
barriers, and safeguards that are part ofa systems 
approach to prevent errors, but gaps or holes are present 
that may lead to patient harm. Nearly all adverse events 
involve a combination ofthese two factors. Active 
failures are unsafe acts committed by those people who 
are in direct contact with the patient or system. Latent 
conditions are the inevitable flaws within the system 
caused by failures in design or process and manage- 
ment’s inability to anticipate all possible scenarios. 


| ASSESSMENT QUESTIONS 

See Evolve Resources for answers. 

1. The IOM defines what as the foundation upon which 
quality care is built? 

a. Safety 

b. Situational awareness 

c. Errors 

d. Research 

2. To Err is Human said approximately how many patients 
were injured per year as a result of medical errors in 
the United States? 

a. 25,000 

b. 150,000 

c. 77,000 

d. 100,000 

3. When using a crew resource management philosophy 
in health care, who would be considered able to ask 
questions to anyone on the team? 

a. Physician 

b. Nurse 

c. Respiratory therapist 

d. Anyone 

4. Using the concept of a just culture, ifa respiratory 
therapist fails to follow proper procedure when the 
system supports such procedures, the therapist would 
be dealt with in what way? 

a. System improvement 

b. Employee accountability and discipline 

c. Employee termination 

d. System interruption and reengineering 

5. Benchmarking is a common practice in comparing results 
(quality) both internally and externally. Which of the 
following statements is true about benchmarking? 

a. External benchmarking is an easy way to compare 
organizations. 

b. Internal benchmarking provides more access to 
information. 

c. External benchmarking always specifies differences 
between types of hospitals. 

d. Internal benchmarking makes it difficult to affect 
change. 

6. What types of work can evidence-based practice help 
support? 

a. Care protocols/guidelines 

b. Safety error resolution 

c. Staff callout procedures 

d. Management education 
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7. The use of electronic medical records can improve 
patient care by providing which of the following? 

a. Workflow between different areas of the hospital 

b. Making it less expensive to provide care 

c. Enhancing accuracy of prescriptions 

d. Giving the clinician less patient information 

8. What attribute do Six Sigma and Lean methodology 
have in common? 

a. Process and efficiency improvement 

b. Fishbone diagram implementation 

c. Clinical outcome variation 

d. Employee and management development 

9. The Swiss cheese model byjames Reason is used to 
describe which of the following concepts? 

a. There are no defenses to prevent errors. 

b. Quality improvement can only be based on serious 
safety events. 

c. Employees to not fear punitive responses to errors. 

d. There are defenses against errors but errors still 
occur. 

10. Which of the following is the most important thing 
we can improve to enhance patient safety? 

a. Communication 

b. Detail orientation 

c. Staffing levels 

d. Orientation 
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A_ 

Acrocyanosis Blue hånds and feet with decreased perfusion. 

Acute respiratory distress syndrome A severe form of acute 
lung injury characterized by pulmonary edema and alveolar 
collapse secondary to the disruption of the alveolar-capillary 
membrane and surfactant dysfunction. Subsequently, hypox- 
emia and widespread infiltrates on chest radiographs can oc- 
cur after a variety of predisposing pulmonary and nonpulmo- 
nary insults. 

Adaptive Control ventilation Uses a pressure setting as the 
main determinate of lung inflation; however, it adjusts the 
pressure to maintain a desired tidal volume based on a preset 
algorithm. 

Adaptive pressure ventilation A mode of ventilation that can 
provide either support or Control modes of ventilation and 
adjust to lung physiology based on measured parameters de¬ 
termined by a preset closed-loop algorithm. 

Aerosol A suspension of solid or liquid particles suspended 
in a gas. 

Aerosol output The rate at which the volume or mass of drug 
formulation is emitted by the aerosol generator. 

Aerosol therapy Delivery of medical or bland aerosols gener- 
ated by an aerosol device such as the nebulizer, the pressurized 
metered-dose inhaler or the dry-powder inhaler for the treat- 
ment of patients with pulmonary or systemic diseases. 

Agency for Health Care Research and Quality (AHRQ) A 
federal authority for patient safety and quality care. 

Aging Refers to changes in aerosol particles that occur after they 
are generated. 

Agonist A Chemical substance capable of activating a receptor to 
induce a pharmacological response. 

Air bronchogram The radiographic appearance of the air-filled 
bronchus against surrounding opacified alveoli. 

Airway clearance technique (ACT) Sometimes called airway 
clearance therapy. A therapy or technique designed to improve 
secretion or mucus management. 

Airway resistance The pressure difference per unit flow as gas 
flows into or out of the lungs (flow/pressure). 

Allele One member of a pair of genes that Controls the same 
trait. 

Allograft rejection The rejection of tissue transplanted between 
two genetically different individuals of the same species. 

Alveolar volume The tidal volume that interacts with the 
alveolar-capillary membrane and is involved in gas exchange. 

Amnioinfusion Injection of normal saline into the amniotic sac. 

Anaphylaxis Systemic immunoglobulin E-mediated hypersen- 
sitivity response resulting from exposure to foreign antigen. 

Anencephaly Congenital absence of the cranial vault, with the 
cerebral hemispheres completely missing or reduced to small 
masses. 



Anesthetic gas mixtures Volatile gases designed to provide in¬ 
halational anesthesia. Anesthetics such as isoflurance, halo- 
thane, desflurance, enflurance, and sevoflurane. 

Angiogenic clusters Small cellular pools that supply nutrition 
to the growing embryo. Also called biood islands. 

Aorticopulmonary septum Formed by ridges between the bul¬ 
bus cordis and truncus ultimately developing into separate 
aortic and pulmonary arteries. 

Apgar Score Evaluation of newborns based on five factors heart 
rate, respiratory effort, muscle tone, reflex irritability, and skin 
color. 

Apnea Pathological condition in which breathing ceases for 
longer than 20 seconds. 

Apnea of infancy (AOI) Generally refers to infants with a ges- 
tational age of 37 weeks or more at the onset of apnea. 

Apnea of prematurity (AOP) Sudden cessation of breathing 
that lasts for at least 20 seconds or is accompanied by brady- 
cardia or oxygen desaturation (cyanosis) in an infant younger 
than 37 weeks of gestation. 

Apparent life-threatening event (ALTE) An episode that is 
frightening to the observer and is characterized by some com- 
bination of apnea (central or occasionally obstructive), color 
change (usually cyanotic or pallid but occasionally erythema- 
tous or plethoric), marked change in muscle tone (usually 
marked limpness), choking, or gagging. 

Arachidonic acid A polyunsaturated fatty acid present in cell 
membranes of brain, muscles, and liver. 

Arterial biood gas Biood gas analysis of an arterial sample 
obtained via arterial puncture or directly from an arterial 
catheter. 

Assist Control ventilation Similar to Control; however, it at- 
tempts to support patient efforts with fully Control breaths. 
Frequency is then driven by the patient’s effort. 

Asthma Asthma is a reversible obstructive lung disease created 
by chronic inflammation of the airways. These inflamed air- 
ways often hyper-react (bronchospasm) to various triggers. 

Asthma action plan A written management plan with informa¬ 
tion that a patient or family can refer should the patient 
become symptomatic. 

Asthma education Disease-specific education designed to improve 
self-management. 

Asthma triggers Exposure to allergen or aggravating agents 
that worsen asthma symptoms. 

Atelectasis An absence of air in the lung parenchyma. 

Atelectrauma Ventilator-associated lung injury that is also 
associated with the opening and closing of alveoli. 

Atomizer A simple aerosol pneumatic aerosol generator with- 
out baffle. 

Atrial bulge One of three identifiable structures in the primitive 
heart. 
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Atrioventricular septal defect Also known as AV canal or endo- 
cardial cushion defect, refers to an anomaly in which there is 
absence of che septa between the acria and vencricles. 

Atypical or new bronchopulmonary dysplasia Ofcen devel- 
ops in preterm newborns who may have required minimal or 
even no ventilator support and relatively low inspired oxygen 
concentracions during the early postnatal days. 

Azoospermia A condition in which a male does not have a 
detectable number of sperm in his semen. 

B _ 

B 2 agonist Otherwise known as bronchodilators or airway smooth 
muscle relaxants. 

Baffle Any surface on which gas containing aerosol impacts 
with larger particles depositing on the surface while smaller 
particles remain suspended. 

Ballard Score Postnatal examination score for determining 
gestational age based on external physical findings. 

Barium swallow A fluoroscopic evaluation of the esophagus 
using a barium sulfate contrast agent; same as esophogram 

Barotrauma Ventilator-associated lung injury that is associated 
with inappropriate use of pressure that does not recruit or 
improve ventilation or oxygenation. 

Benchmarking Continual and collaborative discipline of mea- 
suring and comparing the results of key work processes with 
those who have what are considered best practices. 

Betamimetic Stimulating, mimicking, or referring to P-adrenergic 
receptors of the sympathetic nervous systems. 

Bilateral choanal atresia Incomplete opening into the naso- 
pharynx caused by membranous or bony structures 

Biophysical profile (BPP) Technique for evaluating fetal status 
using fetal heart rate monitoring and ultrasound assessment 
of amniotic fluid volume, fetal muscle tone, gross fetal move- 
ment, and fetal breathing motion. 

Blastocyst The ball of cells that results from repeated cellular 
shortly after fertilization. 

Breath-actuated nebulizer (BAN) Aerosol generator that pro- 
duces aerosol from liquid formulation only during inhalation. 

Breath-enhanced nebulizers Jet nebulizers that use one-way 
valves to Control ambient gas entering the nebulizer and on the 
mouthpiece or mask to direct exhaled gas. 

Bronchial fremitus Vibrations of the chest resulting from 
movement of air through airways partially obstructed by 
mucus. 

Bronchiectasis A chronic condition resulting in the abnormal 
dilation of the bronchial airways. 

Bronchiolitis Swelling and inflammation of the bronchioles, 
which are the smallest airways in the lung. 

Bronchiolitis obliterans An inflammatory lung disease of the 
small airways, or bronchioles. 

Bronchomalacia Increased flaccidity of the brochial cartilage 
that leads to airway narrowing and collapse during respiration. 

Bronchopulmonary dysplasia (BPD) A form of chronic lung 
disease that develops in preterm neonates treated with oxygen 
and positive-pressure ventilation (PPV). 

Bulbar muscles A muscle group that Controls the epiglottis and 
other glottis structures, tongue, mouth, larynx, and throat and 
is important for airway protection and secretion clearance. 

Bulboventricular loop Formed during early fetal development 
when the bulbus cordis and ventricular bulge merge, it is a one- 
ventricular structure that is the precursor of the ventricles. 


Bulbus cordis One of three identifiable structures in the primi¬ 
tive heart eventually merges with the ventricular bulge to form 
the bulboventricular loop. 

C_ 

Calorimetry Clinically, the quantification of energy expendi- 
ture of a patient. 

Capillary biood gas Biood gas analysis obtained via capillary 
puncture. 

Capnography Refers to the measurement and display of carbon 
dioxide values during the respiratory cycle over time. 

Carbon dioxide production The sum volume of carbon diox¬ 
ide produced by cells in the body as a result of metabolism per 
unit of time. 

Carboxyhemoglobin Hemoglobin that has carbon monoxide 
instead of the normal oxygen bound to it. 

Cardiac output The amount of biood ejected from the heart 
over the course of 1 minute. 

Cardiac index The ratio of the cardiac output to the body sur¬ 
face area. 

Cardiomyopathy A chronic disease of the heart muscle (myo- 
cardium) in which the muscle is abnormally enlarged, thick- 
ened, and/or stiffened. 

Cation Any positively charged atom or drug molecule. 

CCAM Congenital cystic adenomatoid malformation. 

Central venous catheter A catheter inserted in the central 
venous system. 

Central venous oxygen saturation The percentage of oxygen- 
ated hemoglobin in central venous biood. This can be mea- 
sured via biood sample or by fiberoptic catheters in vivo. 

Central venous pressure The biood pressure of the central ve¬ 
nous system, typically measured in the superior vena cava. 

Centrifugal pump A type of pump used in ECMO—biood is 
propelled forward by a constrained vortex. 

Cervical cerclage A procedure to suture close a cervix that has 
painlessly dilated in the second trimester of pregnancy. The 
most common method is a pursestring suture placed trans- 
vaginally at the level of the internal cervical os. 

Cervical dilation Opening of the cervix as a result of painful 
uterine contractions in labor. It is assessed by vaginal examina¬ 
tion and expressed in centimeters or finger breadths; one finger 
breadth is approximately 2 cm. At full dilation the diameter of 
the cervical opening is 10 cm. 

Cervical effacement Thinning of the cervix associated with 
dilation of the cervix in labor. 

Cervical insufficiency Painless dilation of the cervix early in the 
pregnancy. Depending on what point in pregnancy this occurs, 
cervical insufficiency can lead to miscarriage, stillbirth, or pre¬ 
term delivery. Cervical insufficiency tends to be a recurring 
problem. 

CHARGE A syndrome of defects including colobomas, congeni¬ 
tal he art defects, choanal atresia, retarded development, genital 
hyperplasia, and ear anomalies. 

Chest physical therapy Sometime called chest physiotherapy. 
In general a group of therapies that focus on chest wall com- 
pression, percussion, or vibration in order to clear secretions. 

Chief complaint Reason the child is presenting for treatment. 

Cholelithiasis Stones in the gallbladder that can be of different 
compositions depending on disease process. 

Chorion Structural part of the placenta facing the fetus serving as 
the vascular connection to the fetus through the umbilical cord. 
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Chorionic membrane Sac-like structure that surrounds the 
growing fetus. 

Chorionic villi Capillary network within the chorion that 
allows gas and nutrient exchange between the mom and the 
fetus. 

Chronic lung disease The initial diagnostic criteria mandated 
continuing oxygen dependency during the first 28 days of life 
with compatible clinical and radiographic tindings to label an 
infant as having BPD. Later, it was proposed to use the need 
for supplemental oxygen at 36 weeks postmenstrual age (PMA) 
as the diagnostic criterion especially in preterm very low birth 
weight (VLBW) infants. 

Chronic pulmonary insufficiency of prematurity Is diag- 
nosed in very immature babies who have made at least a partial 
recovery from RDS but then go on to develop apnea and in- 
creasing oxygen requirements. They have low lung volumes 
and respond well to CPAP. 

Churg-Strauss syndrome A syndrome described as a biood 
vessel autoimmune vasculitis that can lead to necrosis. 

Chylothorax Abnormal collection of lymph in the pleural Space. 

Classic bronchopulmonary dysplasia Was first described by 
Northway as a severe chronic lung injury in premature infants 
who survived hyaline membrane disease after treatment with 
mechanical ventilation and oxygen. 

Clubbing Pathological changes in the nail beds of the fingers 
and toes, typically a manifestation of chronic diseases (e.g. 
cardiopulmonary, gastrointestinal, inflammatory). 

co 2 elimination The sum volume of exhaled carbon dioxide. 

Coarctation of the aorta Severe narrowing of the thoracic aorta 
in the proximity of the ductus arteriosus. 

Compliance Ability of lungs and thorax to expand; expressed as 
the volume change per unit of pressure change. 

Computed tomography A medical imaging procedure that cre- 
ates sectional images that can be viewed in multiple imaging 
planes. 

Congenital heart disease A malformation of the heart, aorta, 
or other large biood vessels that is the most common form of 
major birth defect in newborns. 

Continuous positive airway pressure (CPAP) Refers to appli- 
cation of continuous pressure during both inspiration and 
expiration in a spontaneously breathing neonate. 

Contraction stress test (CST) Assessment of changes in the 
fetal heart rate (FHR) Especially decelerations in the face of 
uterine contractions induced by administration of intravenous 
dilute oxytocin solution. Repetitive decelerations in the FHR 
are called a positive CST and suggest that the fetus will not ex- 
perience repetitive hypoxemic stress during labor. 

Control ventilation Likely the oldest mode of ventilation de¬ 
signed to Control ventilation with either pressure or volume 
targeting; however, does not determine patient interaction. 

Cor pulmonale Right-sided heart failure as a result of chroni- 
cally elevated pulmonary artery pressures. 

Corticosteroids An anti-inflammatory agent that is used to block 
late phase reaction to allergens, reduce airway hyperreactivity, 
and inhibit anti-inflammatory cell migration and activation. 

Cough The process of expelling air forcefully in an effort to clear 
the airway. 

Cough assistance An ACT designed to support a weak cough by 
increase expiratory flow rates. 

Crew resource management (CRM) CRM was first developed in 
the airline industry to improve safety. CRM training encompasses 


a wide range of knowledge, skilis, and attitudes including Com¬ 
munications, situational awareness, problem solving, decision 
making, and teamwork. 

Croup A common cause of upper airway obstruction resulting 
from inflammation of the larynx, trachea, and bronchi. 

Cutdown method Placement of a catheter via surgical stoma 
that allows direct visualization and cannulation of the target 
vessel. 

Cystic fibrosis A hereditary chronic disease of the exocrine 
giands, characterized by the production of viscid mucus that 
obstructs the pancreatic duets and bronchi, leading to infee- 
tion and fibrosis. 

D_ 

Deadspace volume The portion of tidal volume that is not 
involved in gas exchange. 

Decannulation Permanent removal of a trach tube. 

Dedicated transport teams A transport team whose primary 
responsibility is to the transport of patients. These are usually 
higher volume transport programs, but these staff may assist 
in the intensive care units when normal transport duties are 
completed. 

Deoxyhemoglobin Hemoglobin that does not have oxygen 
bound to its structure. 

Deposition Aerosol particles leaving suspension with delivery 
to surfaces of the device, airway, or lung. 

Dextral looping A process that occurs between days 23 and 
28 of gestation whereby the ventricular bulge balloons into 
a C-shaped loop that pushes the atrial bulge in a superior 
direction. 

Difficult pediatric airway management Proper use of re- 

sources and tools to properly obtain and maintain a pediatric 
airway with its unique aspects. 

Difficult pediatric airway recognition Proper and early recog- 
nition of a difficult airway by using history and anatomy scor¬ 
ing systems. 

Diffusing capacity A test performed to determine the overall 
ability of the lung to transport gas into and out of the biood. 

Diplopia Double vision caused by a defeetive funetion of the 
extraoeular muscles or a disorder of the nerves that innervate 
(stimulate) the muscles. 

Direct calorimeter Refers the measurement of heat produced 
by a subject, usually to calculate energy expenditure. 

Discharge planner Medical staff member designated to transi¬ 
tion a patient from hospital facility to home or other level of care. 

Disorders of the motor nerves Disorders that affeet the motor 
neurons of the spinal cord and brainstem. 

Disorders of the neuromuscular junetion A disorder that 
occurs at the neuromuscular junetion affeeting neurotrans- 
mitting capabilities. 

Diurnal ventilation Daytime use of ventilator assistance. 

Doppler effeet In medicine this phenomenon is used most 
often to measure flow of biood within biood vessels. 

Doppler ultrasonography The detection of moving objects, 
such as intravascular biood exploiting shifts in frequency 
between emitted ultrasonic waves and their echoes. 

Drowning All forms of submersion injury leading to respiratory 
impairment, including nonfatal injury resulting from filling of 
the lungs with water or other substance. 

Dry powder inhaler (DPI) An aerosol device designed to 
deliver drug in a powder form. 
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Durable medical equipment (DME) Medical equipment used 
in the home to aid in a better quality of living. 

Dysphasia Any impairment in the ability to speak. 

E_ 

ECMO Extracorporeal membrane oxygenation. 

Ectoderm One of the three germ layers. Responsible for the 
development of the central and peripheral nervous systems, 
sensory epithelia, skin and special components of the skin, and 
teeth. 

Electrocardiography The measurement and interpretation of 
the electrical activity of the heart over time. 

Embryonic disk Structure making up the three germ layers the 
ectoderm, the endoderm, and the mesoderm. 

Emitted dose The volume or mass of aerosol leaving the aerosol 
device. 

Empyema (pleural) Pleural effusion that has evidence of bacte- 
rial infection by evidence of pus, high white biood cell count 
(e.g., > 15,000 per mm 3 ), or a positive Gram’s stain. 

Encephaloceles Defect resulting from failure of the embryonic 
neural tube to form correctly around the brain. 

Encephalopathy A condition characterized by altered brain 
function and structure. 

End tidal co 2 The partial pressure of carbon dioxide at end 
exhalation. 

Endocardial cushions The structure that separates the atria 
from the ventricles in the developing heart. 

Endoderm One of the three germ layers. Responsible for the 
development of the digestive system, respiratory system, uri- 
nary system, liver, pancreas, tonsils, thymus, thyroid, parathy- 
roid, and epithelial lining of the auditory tube and tympanic 
cavity. 

Endomyometritis Bacterial infection of the lining of the uterus 
and the underlying muscle after delivery of the newborn and 
placenta. Before the advent of affective antibiotics, a common 
cause of maternal morbidity and mortality. 

Energy expenditure The quantity of energy, typically measured 
in kilocalories per day (kcal/day) resul ting from metabolic 
processes. 

Epiglottitis A life-threatening condition in which the epiglottis 
is inflamed. 

Error An act of producing a preventable adverse outcome com- 
pared with the natural progression of disease leading to injury 
or death. 

Escharotomy Surgical incision of the eschar and superficial 
fascia of the chest or a circumferentially burned limb in order 
to permit the cut edges to separate and restore biood flow to 
unburned tissue. 

Esophageal atresia A serious birth defect in which the esopha- 
gus, which connects the mouth to the stomach, is segmented 
and closed off at any point. This condition usually occurs with 
tracheoesophageal fistula, in which the esophagus is con- 
nected to the trachea. Esophageal atresia occurs in approxi- 
mately 1 in 4000 live births. 

Esophogram A fluoroscopic evaluation of the esophagus using 
a barium sulfate contrast agent; same as barium swallow. 

Evidence-based practice The multidisciplinary approach to 
health care in which the practitioner systematically finds, ap- 
praises, and uses the most current and valid research Åndings 
as the basis for clinical decisions. 

Exhaled nitric oxide A biomarker of airway inflammation. 


Expiratory positive airway pressure (EPAP) Expiratory posi¬ 
tive airway pressure setting raises end-expiratory lung volume 
and impedes upper airway collapse. 

Extracorporeal membrane oxygenation (EMCO) A medical- 
surgical technique in which biood is drained from the body— 
extracorporeal—and mechanically pumped through an artifi¬ 
cial lung—membrane oxygenator. 

Extremely low birth weight (ELBW) infant Infant born with 
birth weight less than 1000 g. 

Exudative effusion A pleural effusion that has high protein 
or a high lactate dehydrogenase (LDH); often associated with 
infection in children. 

F_ 

Failure Modes and Effects Analysis (FMEA) A prospective 
risks assessment tool used to identify and eliminate known 
and/or potential failures, problems, and errors for a system, 
design, process, and/or service before they actually occur. 

Fetal alcohol syndrome (FAS) The sum total of the damage 
done to the child before birth as a result of the mother drink- 
ing alcohol during pregnancy. FAS always involves brain dam¬ 
age, impaired growth, and head and face abnormalities. 

Fetal fibronectin (fFN) A protein produced by fetal cells and a 
type of fibronectin. fFN is found at the interface of the chorion 
and the decidua (between the fetal sac and the uterine lining). 
It can be thought of as an adhesive or “biological glue” that 
binds the fetal sac to the uterine lining. 

Fetal lung fluid An intraluminal lung fluid important for the 
proper growth and development of the fetal lung. 

Fine-particle fraction (FPF) The proportion of aerosol parti- 
cles between 1 to 5 microns (or 0 to 3.5 microns), with high 
likelihood of depositing in the lung. 

Flexible fiberoptic bronchoscopy Bronchoscopy allows exami- 
nation of the lower airways by a trained bronchoscopist. The 
flexible fiberoptic bronchoscope contains fiberoptic light bun¬ 
dles that places a light source at the tip of the instrument and 
allows examination of the lower airways. The flexible fiberoptic 
bronchoscope comes in a variety of sizes that are appropriate 
to the pediatric airway. 

Flow-volume loop A graph of the flow rate as a function of 
lung volume during a complete respiratory cycle consisting of 
a forced inspiration followed by a forced expiration. 

Focal biliary cirrhosis A medical condition characterized by areas 
of localized fibrosis in the biliary duets as a result of obstruction. 

Fontanel A "soft spot” of the skuli. The cartilage has not yet 
hardened into bone between the skull bones. 

Fontan procedure The third and final stage of surgical pallia- 
tion for single-ventricle cardiac lesions. It involves connecting 
the superior vena cava and the inferior vena cava direetly to the 
pulmonary artery. 

Foramen ovale One of the fetal shunts allowing biood to flow 
from the right atrium to the left atrium without traversing the 
pulmonary circulation in the fetus. 

Functional residual capacity The volume of air remaining in 
the lungs at the end of passive expiration. 

Funnel chest Deformity in pectus exeavatum of the cartilagi- 
nous ends of the rib that causes an inward curve of the sternum. 

G 

Gastroschisis Defect in the abdominal wall lateral to the mid- 
line with protrusion of the intestines. 
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Gentie ventilation A descriptive term for respiratory support for 
preterm infants using a low-tidal-volume strategy to decrease 
lung injury, with the acceptance of higher values for Paco 2 . 

Geometric standard deviation (GSD) An expression of the 
range of particle diameters in an aerosol of a specific MMAD. 

Germinal matrix The highly cellular and highly vascularized re¬ 
gion in the brain from which cells migrate out during brain devel- 
opment. The germinal matrix is the source of both neurons and 
glial cells and is most active between 8 and 28 weeks of gestation. 

Glasgow Coma Scale score An assessment tool used to com- 
municate the severity and depth of coma in a patient who has 
suffered traumatic brain injury. 

Glenn procedure Second stage of surgical palliation for single 
ventricle cardiac lesions. It involves connection of the superior 
vena cava directly to the pulmonary artery. Pulmonary biood 
flow is supplied by venous return from the upper body, while 
biood from the lower body returns to the single ventricle. 

Global Lung Initiative European Respiratory Society task force 
charged with strengthening the science and statistical method- 
ology of all pulmonary function reference values. 

Group B Streptococcus (GBS) A common bacterium that often 
colonizes the intestines and secondarily the lower genital tract. 
GBS is usually harmless in adults. In newborns, however, it can 
cause a serious illness known as group B streptococcal disease. 

Grunting Audible expiratory noise caused by closure of the glot- 
tis during expiration. 

H_ 

Head bobbing Occurs when the sternocleidomastoids contract 
during inspiration, pulling the head down and the clavicles 
and rib cage up. 

Health Failure Modes and Effects Analysis (HFMEA) A tool 
used to provide detailed hazard analysis of smaller processes 
and develop specific recommendations. 

Heart-lung transplantation Surgical procedure carried out to 
replace both heart and lungs in a single operation. 

Heart transplantation Surgical procedure involving the re- 
placement of a patient’s diseased or injured heart with a 
healthy donor heart. 

Helium dilation test A method of measuring the functional re- 
sidual capacity of the lungs using a closed-circuit system in 
which a spirometer is fifled with a mixture of helium and oxygen. 

Helium-oxygen gas mixture Otherwise known as heliox. Heliox 
is a mixture of helium and oxygen offered in two tank concen- 
trations, 80%/20%, = and 70%/30%. Heliox blenders approved 
by the Food and Drug Administration can be used to mix vari- 
ous concentrations. 

Hemofiltration An adjunct device used to regulate fluid man¬ 
agement during ECMO. Similar to a dialysis-type filter, a he- 
mofilter can be used to remove large volumes of fluid to in- 
crease the volume of red biood cells—hemoconcentration—or 
small amounts of fluid to augment urine output. 

Hepatitis B virus (HBV) One of many viruses that infect the 
liver (hepatitis). HBV is endemic in parts of the world and re¬ 
sults from “sharing” body fluids. In North America and Europe 
it is associated with unprotected intercourse and needle shar¬ 
ing. HBV is an acute disease in most cases, with as much as a 5% 
mortality; it can infrequently progress to a chronic disease. The 
chronic form of HBV results in continuous shedding of the vi¬ 
rus and high risk of cirrhosis and cancer. HBV can be con- 
tracted by the newborn of the individual shedding the HBV. 


Herpes simplex virus (HSV) A very common sexually transmit- 
ted infection; type 2 HSV causes genital herpes and type 1 HSV 
usually causes cold sores but also can cause genital herpes; 
congenital HSV can be transmitted to the fetus during birth if 
the mother has an active infection. 

Heterozygote Containing two different alleles of a gene. 

HFOV High-frequency oscillatory ventilation. 

High-flow nasal cannula (HFNC) A means of respiratory assis¬ 
tance that uses a soft nasal cannula interface and high humidi- 
fied flow source to raise the intraluminal pharyngeal pressure. 

High-flow nasal cannulae There is no single universally ac¬ 
cepted definition. A reasonable definition would be a flow rate 
between 2 and 8 L/min. 

High-flow oxygen therapy Oxygen delivery strategy that uses a 
delivery device that provides flows that exceed the patient’s in- 
spiratory flow requirements. The excessive flows allow the de¬ 
vice to provide a fixed amount of fraction of delivered oxygen. 

High-frequency jet ventilation A mode of ventilation that 
combined with a low frequency ventilator provided short 
pulsed jets using an endotracheal tube (ETT) adapter, peak 
end-expiratory pressure (PEEP), and sigh breaths. 

High-frequency oscillatory ventilation A mode of ventilation 
that provides small tidal volumes at very fast rates of 5 to 15 Hz 
with a piston and provides continuous distending pressure. 
To maintain such high rates, expiratory gas flow is enhanced 
by an active exhalation phase. 

High-frequency percussive ventilation Delivers short bursts 
of gas to a sliding Venturi valve. The burst may entrain air to 
deliver high-frequency distending pressure at peak inspiratory 
pressure (PIP) and peak end-expiratory pressure (PEEP). High- 
frequency breaths are active at both levels of pressure. 

High-frequency ventilation Pressure mode of ventilation at a 
frequency of 150 breaths per minute or higher. 

High position A placement position for an umbilical artery 
catheter. This position overlies the sixth through eighth tho- 
racic vertebrae. 

High-reliability organization (HRO) An organization that 
has succeeded in avoiding catastrophes in an environment 
where normal accidents can be expected because of risk factors 
and complexity. 

Hila The area adjacent to the heart where the pulmonary bron- 
chi, arteries, and veins enter and exit the right and left lungs. 

Hirsutism Excessive or abnormal hair growth involving the face 
and body. 

Home assessment An evaluation of the home environment in 
which a ventilator-dependent child is to reside, meeting electri- 
cal criteria and accessible for adaptive strollers. 

Horizontal fissure A fissure separating the middle lobe from 
the right upper lobe of the lung; same as minor fissure. 

Human immunodeficiency virus (HIV) A lentivirus (a mem- 
ber of the retrovirus family) that causes acquired immuno- 
deficiency syndrome (AIDS), a condition in humans in which 
progressive failure of the immune system allows life-threatening 
opportunistic infections and cancers to thrive. 

Humidified high-flow nasal oxygen Medical gas conditioned at 
or near body temperature, saturated with water vapor, and de¬ 
livered at flows higher than traditionally acceptable flow rates 
via a nasal cannula interface. More specifically, flows should be 
adequate to provide for high fractions of oxygen and ventila- 
tory support as per the mechanism of deadspace washout and 
exceeding the inspiratory flow requirements of the patient. 
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Hydrofluoroalkane (HFA) Propellants used in modern pres- 
surized metered-dose inhalers (pMDIs). 

Hydrops fetalis Massive edema in the fetus or newborn, usually 
in association with severe eryrhroblastosis fetalis. Severe ane- 
mia and effusions of the pericardial, pleural, and peritoneal 
spaces also occur. The condition often leads to death, even 
with immediate exchange transfusions after delivery. Also 
ca\ledfetdl hydrops. 

Hygromas Sacs of fluid resulting from a blockage in the 
lymphatic system. 

Hyperinflation therapy In general a group of supportive thera- 
pies that increases functional residual capacity (FRC) by en- 
couraging the patient to take deep breaths or by assisting with 
positive pressure. 

Hypertonic A solution that has a higher osmotic pressure than 
a physiological concentration. 

Hypochloremic metabolic alkalosis An acid-base disorder 
characterized by alkalosis related to increased serum bicarbon- 
ate levels with compensatory low chloride levels. 

Hypoplastic left heart syndrome A Spectrum of lesions involving 
abnormal development of left-sided cardiac structures including 
the mitral valve, left ventricle, aortic valve, and aortic arch. 

Hypothalamic-pituitary-adrenal axis Part of the neuroendo- 
crine system that Controls the immune system. This axis is a 
direct influence and feedback interaction between the hypo- 
thalamus, pituitary giand, and the adrenal giand. 

Hypothermia Occurs when body temperature falls below 95 °F 
(35 °C). 

Hypoxemia Medical condition that is characterized by a re- 
duced level of oxygen determined by arterial biood gas. 

Hypoxia The reduction of oxygen supply to the body or region 
of the body. The deprivation of adequate oxygen. 

I _ 

Ileus A disruption of the typical motility of the gastrointestinal 
tract. 

Impulse oscillometry Measurement of resistance and reactance 
using a loudspeaker to produce pulsations within the airway 
during normal quiet breathing. 

Indirect calorimeter Refers to the approximation of heat re¬ 
sulting from metabolism through the measurement of oxygen 
consumption and carbon dioxide production, with the clinical 
goal of determining a patients energy expenditure. 

Inhaled mass The mass of drug that enters the airway, typically 
into the upper airways. 

Inhaled nitric oxide Nitric oxide delivered in parts per million 
mixed with nitrogen and added to a breathing circuit mixed 
with oxygen. 

Inspiratory positive airway pressure (IPAP) Inspiratory posi¬ 
tive airway pressure setting determines the tidal volume. 

Institute of Medicine (IOM) American nononprofit, nongov- 
ernmental organization founded in 1970, under the congres- 
sional charter of the National Academy of Sciences. Its pur¬ 
pose is to provide national advice on issues relating to 
biomedical science, medicine, and health, and its mission to 
serve as adviser to the nation to improve health. 

Intimal mounds Endothelial tissue within the lumen of the 
ductus arteriosus that assist in postgestational closure of the 
ductus. 

Intracranial pressure The pressure of cerebrospinal fluid (CSF) 
within the cranium. 


Intrauterine growth retardation (IUGR) Occurs when the 
estimated weight of the fetus is at or below the tenth weight 
percentile for his or her age (in weeks). 

Intraventricular hemorrhage (IVH) Bleeding into the fluid- 
filled areas (ventricles) inside the brain. The condition is most 
often seen in premature babies. 

_ 

Just culture Identifies and addresses system issues leading 
individuals to engage in unsafe behaviors while maintaining 
individual accountability by establishing a zero tolerance for 
reckless behavior. 

K_ 

Kaizen Continuous quality improvement, emphasizing the 
philosophy that poor quality arises from bad systems rather 
than bad people. 

Kyphosis Abnormal lateral curvature of the spine; also called 
hunchbdck. 

L _ 

Lamellar bodies A storage apparatus for surfactant consisting 
of concentric layers of lipid and protein and contained within 
the cytoplasm of alveolar type II cells. 

Laminaria tent Used to expand the cervix in pregnant women 
to “ripen” (expand) the cervix to make labor and delivery easier 
and also to cause abortions during the first half of pregnancy. 

Lanugo Fine hair that covers premature infants mostly over the 
shoulders, back, forehead, and cheeks. 

Laryngeal web A common laryngeal malformation that con- 
sists of accessory tissue between the vocal cords at the anterior 
commissure. 

Laryngomalacia The inward collapse of the soft cartilage of the 
upper airway during inspiration. 

Lean method The concept of streamlining processes and elimi- 
nating waste to keep costs low while maintaining high-quality 
products or services. 

Left-to-right shunt Type of shunt n which oxygenated biood 
mixes with deoxygenated biood. 

Leukocytosis White biood cell (WBC) greater than 25,000/mm 3 . 

Leukopenia White biood cell count (WBC) less than 3500/mm 3 . 

Listeria monocyogenes A group of bacteria capable of causing ill- 
ness, including potentially fatal infections in the elderly, new- 
borns, pregnant women, and persons with a weakened im¬ 
mune system. Listerid monocytogenes is the form of Listerid most 
commonly responsible for infections. 

Low-birth-weight (LBW) infant Infant born weighing less 
than 2500 g. 

Lower airway The trachea and distal structures. The trachea 
divides into the mainstem bronchi, which divide into smaller 
divisions called subsegmental bronchi. 

Lower inflection point The point on the pressure-volume loop 
where the shape changes from concave to exponential. This point 
represents the start of alveolar expansion during inspiration. 

Low-flow oxygen therapy An oxygen delivery strategy that uses 
a delivery device that provides flows that are less than the pa- 
tient’s inspiratory flow requirements. This mixing of room air 
gases dilutes the high concentration of low-flow oxygen and 
provides a variable faction of delivered oxygen. 

Low-frequency ventilation Generic term for modes of ventila¬ 
tion that provide breath rates of less than 150. 
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Low position A placement position for an umbilical artery cath- 
eter. This position overlies the third to fourth lumbar Space. 

Low tidal volume ventilation A strategy of mechanical ventilation 
in which tidal volumes are limited (often targeted to 6 ml/kg 
based on the available adult acute lung injury data) while also 
limiting the plateau pressure. 

Lung compliance A measure of the ease of expansion of the lungs 
and thorax, determined by pulmonary volume and elasticity. 

Lung transplantation A surgical procedure involving the re¬ 
moval of one or both diseased lungs from a patient and the 
replacement of the lungs with healthy organs from a donor. 

M_ 

Macrosomia Abnormally large size of the body. 

Mainstream capnography A method of measuring carbon 
dioxide during the breathing cycle that uses a sensor placed 
directly in the breathing circuit to analyze carbon dioxide. 

Major fissures A fissure separating the upper and lower lobes of 
the lungs; same as oblique fissures. 

Malpractice Illegal, unethical, negligent, or immoral behavior by 
somebody in a professional or official position, resulting in a failure 
to fulfill the duties or responsibilities associated with that position. 

Mass effect A displacement of normal anatomy because of a 
pathological abnormality. 

Mass median aerodynamic diameter (MMAD) A measure- 
ment of particle size based on the distribution of mass of drug 
that deposits on various stages of an impactor. 

Maximal respiratory pressures Measures the amount of pres¬ 
sure your inspiratory and expiratory muscles can exert. It is 
helpful in evaluating possible respiratory muscle weakness. 

Mean arterial pressure An indicator of left ventricular after- 
load. Estimated using the equation. 

Mechanical ventilation A technique through which gas is 
moved toward and from the lungs through an exogenous de¬ 
vice connected directly to the patient. 

Mechanism of injury (MOI) The method in which the injury 
occurred. This includes the object causing the injury and/or 
the reason for the injury, the amount of force applied, and the 
vector or direction of that force. 

Meconium The green-tinged bowel content of an infant, which 
is usually passed within 48 hours after delivery. 

Meconium aspiration The inhalation of meconium by a fetus 
or newborn. It can block the air passages and cause failure of 
the lungs to expand or other pulmonary dysfunction, such as 
pneumonia or emphysema. 

Mediastinum The area in the midline chest cavity that is com- 
posed of the heart, aorta, main pulmonary artery and proximal 
branches, origins of the great vessels from the aorta, the supe- 
rior vena cava, and thymus. 

Medicaid U.S. health care plan for qualifying patients with low 
incomes and resources. 

Meningitis Inflammation of the overlying membranes of the 
brain and spinal cord, known as the meninges. 

Mesoderm One of the three germ layers. Responsible for the 
development of the cardiovascular system, lymphatic system, 
connective tissues, muscle tissue, skins, kidneys, and reproduc- 
tive tissues, among other areas. 

Micrognathia Small lower jaw. 

Microstomia Small mouth. 

Minimum inhibitory concentration The lowest antimicrobial 
concentration that will inhibit visible growth of a microorganism 


Minor fissure A fissure separating the middle lobe from the 
right upper lobe of the lung; same as horizontal fissure. 

Modified Allen’s test A test used to verify the presence of col- 
lateral circulation to the hånd and/or foot via selective manual 
occlusion of the arteries feeding the extremity. 

Mottling Irregular areas of dusky skin alternating with areas of 
pale skin. 

Mucolytic Pharmacological agent capable of dissolving, digest¬ 
ing, or liquefying mucus. 

Myelomeningoceles Defect resulting from failure of the em- 
bryonic neural tube to form correctly around the spine. 

Myopathy A disease of the skeletal musculature causing muscle 
weakness. 

N_ 

Nasal cannula A variable performance medical gas delivery 
interface that is designed with one or two prongs that inject 
gas into one or both nares. 

Nasal flaring Contraction of muscles in the nasal passages 
during inspiration causes a widening of the nostrils. 

Near miss An unplanned event or events that had potential 
to cause injury, illness, or harm but did not because it was 
detected before reaching the patient. 

Nebulizer An aerosol device producing aerosolized suspension 
of liquid drug particles used for aerosol therapy. 

NEC Necrotizing enterocolitis 

Necrotizing enterocolitis (NEC) A serious bacterial infection 
in the intestine, primarily of sick or premature newborn in¬ 
fants. It can cause the death (necrosis) of intestinal tissue and 
progress to biood poisoning (septicemia). 

Negative pressure assisted ventilation (NPAV) A method of respi¬ 
ratory assistance based on intermittent application of subatmo- 
spheric pressure extemal to the chest wall through a tank or mold. 

Negligence Lack of skiils, failure, or deviation from standard 
practices/procedures. 

Neuromuscular Control of respiration The central and reflex 
neurological Control system of breathing driven largely by 
Chemical respiratory Control ( neuro ) that interacts with the 
muscles of respiration ( muscular ). 

Neuromuscular disease Broad term used to describe a diseases 
that directly or indirectly affect the muscle function via nerve 
pathology. 

New or atypical bronchopulmonary dysplasia Often develops 
in preterm newborns who may have required minimal or even 
no ventilator support and relatively low inspired oxygen con- 
centrations during the early postnatal days. 

Nitrogen washout test A method of measuring the functional 
residual capacity of the lungs using the open circuit system in 
which the subject breaths 100% oxygen. 

Nonaccidental trauma A euphemism for child abuse; the injury 
or maltreatment of a child. 

Noninvasive positive-pressure ventilation (NPPV) A method 
of respiratory assistance that involves an external interface and 
cyclical positive pressure device. 

Nonstress test (NST) A screening test for fetal well-being used 
in the second half of pregnancy. The mother depresses an event 
marker when fetal movement is perceived. Acceleration of fetal 
heart rate with movement is a “reactive” test and is considered 
reassuring. 

Norwood procedure The first stage of surgical palliation 
for single ventricle cardiac lesions. It consists of consists of 
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reconstructing the aorta and adding a shunt to provide pul- 
monary biood flow. 

O_ 

Oblique fissure A fissure separating the upper and lower lobes 
of the lungs; same as major fissures. 

Oligohydramnios A reduced quantity of amniotic fluid for an 
extended period; associated with lung hypoplasia. 

Omphalocele Protrusion of the membranous sac that encloses 
abdominal contents through an opening in the abdominal 
wall into the umbilical cord. 

Open lung strategy The clinical application of recruitment 
maneuvers followed by maintenance with appropriate level 
of positive end-expiratory pressure (PEEP) to prevent alveolar 
collapse. 

Oxygen consumption The sum volume of oxygen that is con- 
sumed by the body as a result of metabolism, per unit of time. 

Oxygen delivery Delivery of oxygen to body tissues as a func- 
tion of oxygen content and cardiac output. 

Oxygen hood A fixed-performance oxygen delivery device de¬ 
signed to surround the entire head of a neonate or infant. 

Oxygen therapy The therapeutic administration of oxygen. 

Oxygenation index A calculation used in critical care medi¬ 
erne to aid in determining the severity of illness and proba- 
ble mortality associated with severe respiratory failure. The 
equation is: 

OI = (Flo 2 )(mPaw)/Pao 2 X 100. 

Oxyhemoglobin The structure that is formed when oxygen is 
bound to hemoglobin in red biood cells. 

Oxytocin A hypothalamic hormone stored in the posterior pitu- 
itary that has uterine-contracting and milk-releasing actions; it 
may also be prepared synthetically or obtained from the poste¬ 
rior pituitary of domestic animals. Used to induce active labor, 
inerease the force of contractions in labor, contract uterine 
muscle after delivery of the placenta, Control postpartum hem- 
orrhage, and stimulate milk ejection. 

P_ 

Papilledema A swelling of the optic nerve, at the point where 
this nerve joins the eye, that is caused by an inerease in fluid 
pressure within the skuli (intracranial pressure). 

Parenteral A route of administration in a manner other than 
through a digestive canal; that is, intravenous, intramuscular, 
or subeutaneous. 

Parietal pleura The pleura that cover the surface of the chest 
wall and mediastinum. 

Partial pressure of carbon dioxide in arterial biood Paco 2 is 
a measurement of carbon dioxide in arterial biood. 

Partial pressure of oxygen in arterial biood Partial pressure is a 
way of describing how mueh of a gas is present and refers to 
the pressure exerted by a specific gas in a mixture of other 
gases. Pao 2 is a measurement of oxygen in arterial biood. 

Patent ductus arteriosus The failure of the connection between 
the aorta and the pulmonary artery (ductus arteriosis) to close 
at birth. 

Pectus carinatum Protruding xiphisternum or xiphoid process; 
also called pigeon chest. 

Pectus exeavatum Sunken or funnel chest. 

Pediatric airway anatomy The anatomy (normal and abnor¬ 
mal) of the pediatric airway at different stages of growth. 


Pediatric intubation techniques The standardized and accept¬ 
able insertion of an endotracheal tube within the trachea. 

Percutaneous method Insertion of a catheter through the skin 
to a target vessel. 

Periodic breathing Irregular pattern of intermittent respiratory 
pauses longer than 5 seconds. 

Peripheral artery catheter An indwelling catheter placed in a 
peripherally located artery. 

Permissive hypercapnia Ventilation that allows Paco 2 to rise 
slowly over time as the pH becomes normalized. The goal is 
to reduce tidal volume and rate while preventing volutrauma 
during mechanical ventilation. 

Persistent vegetative State Condition of profound nonrespon- 
siveness in the wakeful State caused by brain damage. 

Pharmacokinetic The way a drug is absorbed, distributed, me- 
tabolized, and eliminated from the body. 

Picture archiving and communication system (PACS) A digi¬ 
tal image management network system consisting of acquisi- 
tion systems, display workstations, and storage devices. 

Piezo A form of ceramic that vibrates in response to electric 
input. 

Placenta Vascular interface between the mom and the fetus al- 
lowing gas and nutrient exchange through the chorionic villi 
and the umbilical cord. 

Placenta previa The location of the placenta so that it covers 
the cervical os (complete previa) or is located adjacent to or 
partially covers the os (partial previa). One of the most com- 
mon causes of life-threatening hemorrhage in pregnancy. 

Placental abruption Separation of the placenta from the wall 
of the uterus before the birth of the baby. This can result in 
severe, uncontrollable bleeding (hemorrhage). 

Plan-Do-Study-Act (PDSA) Method to determine nature and 
scope of a problem. 

Plan of care A detailed plan implemented for the medical needs 
of an individual. 

Plasticity Describes how experiences and injury reorganize 
neural pathways in the brain. 

Plethsymography A device (body box) that measures the vol¬ 
ume of gas in the lungs, including that which is trapped in 
poorly communicating air spaces. 

Pleural effusion Abnormal collection of fluid in the pleural space. 

Pleural space A potential space between the lung, mediastinum, 
and chest wall. 

Pneumatocele A thin-walled, air-filled cavity within the lungs. 

Pneumomediastinum Abnormal air in the tissue of the medias¬ 
tinum, often tracking up into the neck. 

Pneumonia A lung infeetion that primarily affeets the alveoli 
and distal airways. 

Pneumopericardium The presence of air in the pericardial 
cavity. 

Pneumoretroperitoneum and pneumoperitoneum Air tracks 
downward to the extraperitoneal fascial planes of the abdomi¬ 
nal wall, mesentery, and retroperitoneum and eventually rup- 
tures into the peritoneal cavity. 

Pneumothorax An accumulation of free air within the pleural 
space that compresses the lungs. 

Poliomyelitis Infeetion caused by the polio virus. 

Polyhydramnios The presence of excess fluid in the amniotic sac. 
By definition, polyhydramnios is diagnosed if the deepest verti- 
cal pool is more than 8 cm or amniotic fluid index (AFI) is more 
than ninety-fifth percentile for the corresponding gestational 
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age. With a deep pocket of 8 cm as criteria of polyhydramnios, 
the incidence is 1% to 3% of all pregnancies. About 20% are as- 
sociated with fetal anomalies. 

Portal hypertension A medical condition characterized by 
abnormally high biood pressures in the portal vein system, 
typically associated with chronic liver disease. 

Position The arrangement of the patient’s body when obtaining 
a radiographic image. 

Positive expiratory pressure (PEP) therapy designed to restrict 
expiratory flow and thereby creating backpressure designed to 
increase functional residual capacity and dilate secretion-filled 
airways. 

Postductal Relating to that part of the aorta distal to the aortic 
opening of the ductus arteriosus. 

Postductal oxygen saturation Measurement of oxygen satura- 
tion (of an infant’s biood) occurring before the ductus arterious. 

Potter’s syndrome/sequence Potter syndrome/sequence and 
Potter phenotype refer to a group of findings associated with a 
lack of amniotic fluid and kidney failure in a fetus or infant. 

Precipitous delivery Delivery of infant anywhere unintended or 
without a provider. 

Precursor Somebody or something that comes before, and is often 
considered lead to the development of, another person or thing. 

Preductal Right radial artery. 

Preductal oxygen saturation Measurement of oxygen satura¬ 
tion of the biood taken after the ductus arteriosis. 

Preeclampsia Multiorgan dysfunction of late pregnancy, most 
often diagnosed by hypertension, proteinuria, and edema. The 
disorder is of uncertain origin but is most commonly associ¬ 
ated with first pregnancies, multifetal pregnancies, and under- 
lying vascular and rheumatological conditions. 

Premature delivery The birth of an infant after the period of 
viability but before 37 completed weeks of gestation. 

Premature rupture of membranes (PROM) Premature rup- 
ture of membranes (PROM) is an event that occurs during 
pregnancy when the sac containing the developing baby (fetus) 
and the amniotic fluid bursts or develops a hole before the 
start of labor. 

Pressure ventilation Uses a pressure setting as the main deter- 
minate of lung inflation. 

Pressurized metered-dose inhaler An aerosol device with pres- 
surized cartridge and valves that emits precise dosages of drugs 
(between 10 and 100 pg) in suspension or solution. 

Primary germ layers The endoderm, mesoderm, and ectoderm. 
Individual layers of specialized embryonic cells responsible for 
production of all tissues within the developing fetus. 

Projection The path of the X-ray beam describing the body 
surfaces the beam enters and exits. 

Provocation test A procedure to elicit a hyperreactive airway 
response to either direct or indirect stimulation. 

Prune belly syndrome Congenital lack of abdominal musculature. 

Pseudoglandular Refers to a stage of fetal lung development 
identified by the appearance of multiple round structures re- 
sembling giands. 

PtcC 0 2 Partial pressure of carbon dioxide as measured using a 
transcutaneous monitor. 

P TC o 2 Partial pressure of oxygen as measured using a transcuta¬ 
neous monitor. 

Pulmonary acinar units Formed during the canalicular period, 
each unit consists of a respiratory bronchiole, alveolar duets, 
and alveolar sacs. 


Pulmonary artery catheter A catheter inserted into the pul¬ 
monary artery via the central venous system and right side of 
the heart. This catheter can provide direct intracardiac and 
pulmonary pressure monitoring along with cardiac output 
measurement. 

Pulmonary artery pressure The biood pressure measured in 
the pulmonary arteries. Normally 15 to 30 mm Hg systolic 
and 5 to 15 mm Hg diastolic, with a mean pressure of 10 to 
20 mm Hg. 

Pulmonary capillary wedge pressure The pressure measured 
in a pulmonary capillary after wedge occlusion via balloon 
catheter. Normally 5 to 15 mm Hg. 

Pulmonary hypertension A rare lung disorder characterized by 
inereased pressure in the pulmonary artery. 

Pulmonary hypertrophic osteoarthropathy A medical condi¬ 
tion characterized by digital dubbing and inflammation of the 
outer surface (periostium) of the long bones in the upper and 
lower extremities; associated with cystic fibrosis and other 
chronic lung conditions. 

Pulmonary hypoplasia An incomplete development of the 
lungs characterized by an abnormally low number and/or size 
of bronchopulmonary segments and/or alveoli. 

Pulmonary interstitial emphysema A lung anomaly character¬ 
ized by an increase in the air spaces distal to the terminal 
bronchioles with destruction of the alveolar walls. 

Pulmonary mechanics Study or measurement physiological 
parameters (e.g. resistance, compliance, etc.) that affeet a sub- 
ject’s work of breathing. 

Pulmonary surfactant Complex mixture of phospholipids and 
proteins produced by type II pneumatocytes whose funetion is 
to lower surface tension proportionally to alveolar size. 

Pulmonary vasodilation Vasodilation of the pulmonary vascu- 
lature by smooth muscle relation. 

Pulse oximetry Noninvasive measurement of the saturation of 
hemoglobin, usually referring to the proportion of hemoglo- 
bin bound with oxygen. 

Pulse pressure The difference between systolic and diastolic 
biood pressure. 

_ 

Quality The extent to which health services provided to indi- 
viduals and patient populations improve desired health 
outeomes. 

Quality indicator Measurement that provide a quantitative ba¬ 
sis for clinicians, organizations, and planners aiming to achieve 
improvement in care and the processes by which patient care is 
provided. 

R 

Racemic A Chemical compound or mixture that possesses an 
equal amount of enantiomers. 

Reactance Represents the “out of phase imaginary part” of 
impedance and encompasses both the elastance and inertia, 
which along with resistance define the mechanical characteris- 
tics of the equation of motion model. 

Recurrent aspiration syndrome Aspiration of gastrointestinal 
tract caused by lack of Control of airway protective mecha- 
nisms or abnormal anatomy. 

Reduced alveolar reeruitment Known as atelectasis. 

Residual drug volume (or mass) The volume (or mass) of drug 
solution remaining in a nebulizer at the end of nebulization. 
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Respirable mass The mass of drug that can (or does) reach the 
lung. 

Respiratory Control system Control of the respiration divided 
into both voluntary and metabolic (involuntary) Control 
systems. 

Respiratory distress syndrome (RDS) A syndrome in prema- 
ture infants caused by developmental insufficiency of surfac- 
tant production and structural immaturity in the lungs. 

Resting energy expenditure The amount of energy required 
by the body during resting conditions (usually expressed in 
kilocalories per day, kcal/day). 

Retinopathy of prematurity (ROP) A condition in which pre- 
mature babies experience disorganized biood vessel growth in 
their eyes. Although milder cases of ROP may spontaneously 
correct themselves, in the worst cases, ocular scarring caused 
by retinopathy of prematurity can result in blindness. 

Retropharyngeal cellulitis Inflammation of the tissues behind 
the pharynx. 

Rh isoimmunization One of the causes of hemolytic disease of the 
newborn (also known as HDN). The disease ranges from mild to 
severe. When the disease is mild, the fetus may have mild anemia 
with reticulocytosis. When the disease is moderate or severe, the 
fetus can have a more marked anemia and erythroblastosis (eryth- 
roblastosis fetalis). When the disease is very severe it can cause 
morbus haemolyticus neonatorum, hydrops fetalis, or stillbirth. 

Right atrial pressure The biood pressure in the right atrium of 
the heart. This pressure indicates the filling pressure of the 
right atrium; normally 2 to 7 mm Hg. 

Right-to-left shunt Type of shunt in which desaturated sys- 
temic venous biood bypasses the lungs and enters the systemic 
circulation. 

Roller pump A type of mechanical pump used in extracorporeal 
membrane oxygenation (ECMO). Biood is compressed and 
displaced by a roller heads through durable tubing. 

Root cause analysis (RCA) A retrospective systematic process 
using information for an unplanned event to identify and un¬ 
derstand the underlying causes or the event. 

Rule of nines A method of estimating the extent of body surface 
that has been burned in an adult, dividing the body into sec- 
tions of 9% or multiples of 9%. 

S _ 

Saccules An anatomical description of the lung parenchyma at 
about 26 weeks of gestation; the terminal structures of the 
lung at this stage of development are relatively smooth-walled, 
cylindrical structures. 

Scoliosis Abnormal “sideways” curvature of the spine. 

Secondary crests Anatomical description of the ridges that 
subdivide saccules during the embryological development of 
the lung. 

Sentinel event Another name for serious safety event. 

Sepsis Systemic evidence of infection characterized by tempera¬ 
ture change, increased heart rate, increased respiratory rate, 
and leukocytosis or leukopenia. 

Septum primum The structure that divides the primitive atria 
into left and right chambers. 

Septum secundum A structure between the atria in the develop- 
ing heart, which together with a flap from the septum primum 
for the foramen ovale. 

Serious safety event An event that reaches the patient and 
results in moderate to severe harm or death. 


Serum lactate Measurement of lactate in a biood sample. This 
value is indicative of anaerobic metabolism. Normally 0.7 to 
1.3 mmol/L. 

Shock Inadequate tissue oxygen delivery. 

Sickle cell A disease of an autosomal recessively inherited disor- 
der of the hemoglobin structure. 

Sidestream capnography A method of measuring carbon diox- 
ide during the breathing cycle that uses a small sample line 
that aspirates a sample of gas from a T-piece placed at the 
breathing tube to the main unit where the gas is analyzed. 

Silhouette sign The radiographic appearance two normal struc¬ 
tures lose their distinet edges and blend imperceptibly into one 
structure. 

Simple oxygen mask A variable-performance, low-flow oxygen 
delivery device designed to surround the nose and mouth. 

Six Sigma A process improvement set of tools and strategies 
developed by Motorola. 

Spacer A valveless device used to collect emitted aerosol, typi- 
cally from a pressurized metered-dose inhaler (pMDI), placed 
in a circuit between the aerosol generator and the patient 
airway. 

Specific airway conductance The reciprocal of airway resis- 
tance; 1/Raw measured at a specific lung volume. 

Spinal muscular atrophy Include a number of different disor- 
ders that clinically manifest as muscle weakness as a result of 
progressive destruction of the motor neurons. 

Spine sign An increased density of the lower thoracic vertebral 
bodies on a lateral chest radiograph caused by increased tissue 
density from an adjacent collapsed lower lobe. 

Spirometry Measurement of breath air. 

Status epilepticus A seizure that lasts more than 30 minutes, 
constituting a neurological emergency. 

Steatorrhea Loose, greasy stools. 

Sternocleidomastoids Neck muscles that serve to flex and 
rotate the head. 

Strabismus A disorder in which the two eyes do not line up 
in the same direction and therefore do not look at the same 
object at the same time; also known as “crossed eyes/’ 

Stretor A low-pitched, wet sound similar to snoring. 

Stridor A high-pitched, monophonic, audible noise that may 
occur during inspiration or expiration or may be biphasic. 

Subcutaneous emphysema Air in the fascial planes of the neck 
and skin. 

Subgaleal hemorrhage Tearing of the emissary veins where 
edema from biood loss can extend from the eyes to the nape of 
the neck. 

Suctioning The process of cleaning the airway with a negative 
pressure device that removes liquids and solids. 

Sudden infant death syndrome (SIDS) SIDS is the sudden 
death of an infant under 1 year of age that remains unex- 
plained after a thorough case investigation, including perfor- 
mance of a complete autopsy, examination of the death scene, 
and review of the clinical history. 

Support ventilation A mode of ventilation designed to support 
a patient respiratory effort; however, it cannot fully support or 
Control ventilation. 

Surface tension Forces created by the attraction of water mole- 
cules at the alveolar air-fluid interface that tend to collapse the 
alveolus. 

Surfactant A surface-active phospholipoprotein formed by alveo¬ 
lar type II cells important in reducing alveolar surface tension 
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and ultimately the work of breathing in the newborn; cri tical to 
the extrauterine survival of the immature fetus. 

Surfactant proteins Pulmonary surfactant-associated proteins 
produced by type II pneumatocytes. 

Surfactant replacement therapy Intratracheal administration 
of exogenous (natural or synthetic) surfactant for the treat- 
ment of various respiratory conditions associated with surfac¬ 
tant deficiency and/or inactivation. 

Sweep gas The fresh gas supplied to a membrane oxygenator, 
usually composed of a combination of oxygen and carbon 
dioxide, and titrated to achieve clinically acceptable biood 
gases. 

Sympathomimetic An agent that mimics the physiological effect 
when the sympathetic nervous system is stimulated. 

Syphilis A chronic infectious disease caused by a spirochete 
(Treponema pallidum), either transmitted by direct contact, usu¬ 
ally in sexual intercourse, or passed from mother to child in 
utero, and progressing through three stages characterized re- 
spectively by local formation of chancres, ulcerous skin erup- 
tions, and systemic infection leading to general paresis. 

T _ 

Tactile fremitus Vibrations of the chest produced by the spo- 
ken voice. 

Tension pneumothorax Abnormal collection of air in the pleu- 
ral Space with increasing pressure causing significant shift of 
the mediastinal structures. 

Tension time index The product of the inspiratory time-to- 
cycle time ratio and the integrated area under the pressure 
curve throughout the respiratory cycle. 

Teratogen Any agent or factor that induces or increases the 
incidence of abnormal prenatal development. 

Tetralogy of Fallot Congenital heart defect that includes four 
components (1) pulmonary artery stenosis, (2) ventricular septal 
defect, (3) overriding aorta to the right, and (4) right ventricular 
hypertrophy. 

Therapeutic gas mixtures Gas delivered by inhalation for a 
specific purpose such as pulmonary vasodilation, bronchodila- 
tion, drug delivery, or to reduce work of breathing. 

Tocolytic Of or being an agent that arrests uterine contractions 
in labor. 

Tolerance The lack or low level of response to a pharmacologi- 
cal agent. 

Toxoplasmosis An infection caused by a single-celled parasite 
named Toxoplasma gondii that may invade tissues and damage 
the brain, especially of the fetus and newborn. 

Tracheoesophageal fistula An abnormal opening between the 
trachea and the esophagus. 

Tracheomalacia A condition in which the thoracic trachea ab- 
normally collapses during expiration, leading to an expiratory 
wheeze. 

Tracheostomy The hole created by the tracheotomy procedure. 

Tracheotomy The surgical procedure that consist of process of 
opening the trachea from the anterior aspect of the neck and 
inserting a tubes used to assist with breathing, secretion re¬ 
moval, or airway patency. 

Trach tube Short for tracheostomy tube. 

Transcutaneous monitor A device or method that measures 
carbon dioxide or oxygen in the tissues just beneath the skin. 

Transillumination Placing a high-energy or fiberoptic device 
on an infant’s chest wall in a darkened room. 


Transposition of the great arteries One of the most common 
congenital heart defects. The positions of the aorta and the 
pulmonary artery are reversed, with the aorta arising from the 
right ventricle and the pulmonary artery arising from the left 
ventricle. 

Transpulmonary pressure The difference between the alveolar 
pressure and the intrapleural pressure in the lungs. 

Transudative effusion A pleural effusion that has low protein 
or low lactate dehydrogenase; often associated with low car- 
diac output or renal dysfunction in children. 

Trigger The link between the patient’s respiratory effort and the 
ventilator. There are three types of triggers to ventilator sup¬ 
port flow, pressure, and electrical activity of the diaphragm. 

Trophoblast The outer layer of the blastocyst, which combines 
with the endometrium to for the chorionic membrane. 

Truncus arteriosus Rare defect in which a single great artery 
arises from the ventricles of the heart, supplying the systemic, 
pulmonary, and coronary arteries. 

Tuberculosis A chronic bacterial disease caused by infection 
with Mycobaterium tuberculosis. 

U _ 

UHF/AM transceiver An ultra high frequency/amplitude mod¬ 
ulation (UHF/AM) transceiver is a device comprising both a 
transmitter and a receiver that are combined and share com¬ 
mon circuitry or a single housing. This communication device 
is capable of communicating over two different frequency 
ranges. 

Ultrasonic nebulizer (USN) Electronic nebulizer using piezo 
crystal to make standing waves in the medication to generate 
aerosol particles. 

Umbilical artery catheter An indwelling catheter placed in one 
of the two arteries in an infant umbilicus. 

Unit-based transport teams A transport team assigned to an 
intensive care unit that responds to transport requests when 
they are received. 

Upper airway Consists of all the structures connecting the 
mouth and nose with the glottis. 

V_ 

VACTERL A syndrome of defects including yertebral, anal, car- 
diac, fracheal, esophageal, renal, and /imb anomalies. 

Valved-holding chamber A spacer with a system of one-way 
valves used to reduce oropharyngeal deposition and reduce the 
need for hand-breath coordination, most commonly used 
with pressurized metered-dose inhalers (pMDIs). 

Vaporizer Because most anesthetics are a liquid at room tem¬ 
perature, a vaporizer designed for each Chemical makeup must 
be used to carefully deliver a percent gas mixture accurately. 

Vascular ring An encircling of the trachea and esophagus by 
connected segments of the aortic arch and its branches. 

Velamentous cord insertion An abnormal condition during 
pregnancy. Normally the umbilical cord inserts into the mid- 
dle of the placenta as it develops. In velamentous cord inser¬ 
tion, the umbilical cord inserts into the fetal membranes 
(choriamniotic membranes), then travels within the mem¬ 
branes to the placenta (between the amnion and the chorion). 

Venoarterial A method of extracorporeal membrane oxygen- 
ation (ECMO) support in which biood is drained from the ve- 
nous system and returned to the arterial system; both heart 
and lung function are supported. 
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Venous biood gas Biood gas analysis obtained from a veni- 
puncture or directly from a venous cacheter. 

Venovenous A method of extracorporeal membrane oxygenation 
(ECMO) support in which biood is drained and returned form 
and to the venous system; only lung function is supported. 

Ventilator-associated pneumonia (VAP) A sub-type ofhospital- 
acquired pneumonia (HAP) that occurs in people who are 
receiving mechanical ventilation via an artificial airway. 

Ventricular bulge One of three identifiable structures in the 
primitive heart eventually merges with the bulbus cordis to 
form the bulboventricular loop. 

Venturi mask A fixed-performance, high-flow oxygen delivery 
device design to provide a specific amount of oxygen via a 
Venturi entrainment device. 

Vemix caseosa Gray-white cheeselike substance present in the skin 
folds of a term infant and more abundant in a preterm infant. 

Very low birth weight (VLBW) infant Infant born weighing 
less than 1500 g. 

Vibrating mesh nebulizer (VMN) An electronic device using 
an aperture plate or mesh to pump medications through aper- 
ture to generate aerosol particles. 

Video-assisted thoracoscopic surgery (VATS) Minimally in- 
vasive surgery in the thorax with a video camera inserted in one 
aspect of the chest wall and operating instrument(s) inserted 
though other aspects of the chest wall. The surgeon views the 
operative field on a monitor. 

Visceral pleura The pleura that covers the surface of the lungs. 


Vocal cord dysfunction A condition characterized by full or 
partial vocal fold closure that usually occurs during inhalation. 

Volume median diameter (VMD) Measurement of aerosol 
particle size as measured with a laser diffraction device. 

Volume ventilation Uses a preset tidal volume as the main 
determinate of lung inflation. 

Volumetric capnography A method by which exhaled gas flow 
and carbon dioxide measurements are made in order to calcu- 
late and display relevant parameters and waveforms such as 
airway dead Space volume, alveolar volume, and carbon dioxide 
elimination. 

Volutrauma Ventilator-associated lung injury that is associated 
with large tidal volumes. 

W_ 

Wharton’s jelly A gelatinous substance contained within the 
umbilical cord that serves to protect umbilical vasculature and 
prevent the cord from becoming kinked. 

Wilson-Mikity syndrome Preterm infants with respiratory dis¬ 
tress in the first days of life, which appears to resolve. Then 1 to 
5 weeks later, the tachypnea and cyanosis return. Radiologicafly, 
there are diffuse pulmonary infiltrates that in some infants 
change to a cystic emphysematous pattern. 

Work of breathing The effort required to inspire air into the lungs. 

Z 

Zygote Fertilized egg. 
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pediatric patient history, 60b 
pharmacological management, 538 
pharmacological therapy, 538-540 
physical examination, 536 
pulmonary function testing, 536 
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Asthma (Continued) 

respiratory conditions, relationship, 537b 
respiratory failure, 545 
school presence, 546-547, 546b 
self-monitoring techniques, 544 
short-acting (3 agonists, impact, 539 
surfactant replacement therapy, 260 
systemic corticosteroids 

long-term use, side effects, 538b 
usage, 539 

tobacco smoke, relationship, 535 
traffic light zone system, 542b 
triggers, 533 
control, 540-541 
identification/control, 544 
worsening, 84 

Asymmetrical lung volumes, 515f 
Asynchronous chest wall motion, 55 
Ataxic breathing, 597 
Atelectasis, 90, 96-98, 515-517 

acute lobar atelectasis, ACT (usage), 209 
clinical presentation, 516 
diagnosis, 516 
etiology, 515-516 
increase, ACT (impact), 207 
occurrence, 97 
pathophysiology, 515-516 
prevention, 214 
signs/symptoms, 516 
treatment, 516-517 
Atelectrauma, 317-318, 326-328 
Atopic dermatitis, 58 
Ato py (allergic response), 535 
Atrial bulge, 14 

Atrial septal defect (ASD), 473-474 
right/left atria, communication, 474f 
spontaneous closure, occurrence, 474 
Atrial switch procedure, 485 
Atrioventricular (AV) canal, 475 
defect, 475f 

Atrioventricular septal defect (AVSD), 

475-476 

partial AVSD, 475-476 
Atrioventricular (AV) valve, 471 
Atrium, position, 16f 
Attention deficit/hyperactivity disorder 
(ADHD), 499-500 

Atypical bronchopulmonary dysplasia, 416 
Atypical pneumonia, 524-525 
Auscultation (neonates), 56-57 
Autogenic drainage (AD), 198, 205 
positive expiratory pressure therapy, 
relationship, 205 
Automated slow-flow curves, 330 
Automated slow flow rate pressure-volume 
curves, 330-331 

Automatic positive end-expiratory pressure 
(auto-PEEP), 310, 311 
forms, 321-322 
Autonomic instability, 612 
AutoSet CS, 292 

Autosomal recessive inheritance, 550 
AVEA, usage, 349 

Awake pediatric patients, respiratory rates, 54t 
Aztreonam llysine (Cayston), 387 
adverse events, 387 
mechanism, 387 
therapy, placement, 387 


B 

Baby box (plethysmography), 67-68 
patient, positioning, 67f 
Bacterial infection, 552 
Bacterial pathogens, minimum inhibitory 
concentration (MIC), 386 
Bacterial pneumonia, 523-524 
development, 523 
diagnosis, 523 
etiology, 523 
incidence, 523 
signs/symptoms, 523 
treatment, 523-524 
Bacterial tracheitis, 513 
Bag-mask ventilation, avoidance, 226, 

459 

Bag-valve mask, 110 
Ballard score, 43 

new Ballard score, 44f 
Barium swallow, 90 
Barotrauma, 326-328, 417-419 
avoidance, 459 

Bartlett-Edwards spirometer, 213-214 
Battery-powered portable suction machine, 
668f 

Battle’s sign (raccoon eyes), 592 
Becker muscular dystrophy, 637 
Bedside PFT, 65-66 
Bedside pulmonary mechanics 
definitions, 65-66 
measurement, 81-84 
Bedside tests, 83-84 
Benchmarking, 683-684 
Best Pharmaceuticals for Children Act 
(BPCA), 373 
Beta 2 agonists 
therapy, 545 
usage, 181 
tolerance, 374 

Beta 2 receptors, selective agents, 375 
Beta-adrenergic agonists, 373-378 
action, mechanism, 373 
therapy, placement, 374 
Betamethasone, usage, 27 
Beta-mimetic drugs, 27 
Bidirectional Glenn shunt, 480f 
Bilateral choanal atresia, 50, 455 
Bilateral pulmonary interstitial emphysema, 
drainage, 440f 

Bilevel positive airway pressure (BiPAP), 
231-232 
differences, 310 
tolerance, 500 

Bilevel pressure-targeted ventilators, 

292 

Binasal prongs, types, 271-272 
Biophysical profile (BPP), 30 
scoring, 31t 

Birth defects/syndrome, 50 
Birth trauma, 598-599 
Blalock-Taussig (BT) shunt, 479, 

486 

Blastocyst, 13 
Blenders, 151-152 
oxygen blenders, 152 
Blind nasal intubation, 228 
Blind nasotracheal suctioning, requirements, 
240 


Biood 

delivery, 578-579 
drainage, 359 

nutrients/oxygen, presence, 577 
product replacement, 363 
sampling, preductal/postductal site, 433 
serum lactate, determination, 130 
volume, shunting, 15 
Biood flow, 15-17 
characterization, 576 
compromise, 25 
heart, 471 
mechanisms, 358f 
Biood gas 

collection, equipment, 117b, 119b 
interpretation, 128-130 
samples, indwelling arterial line/continuous 
infusion/flush system (usage), 12 lf 
sampling, 115-117 
supervision, 444 
Biood gas analysis (BGA), 115 
indications, 115b 
Biood oxygen 
content, 130 

measurement, standard, 137-138 
Biood pressure (BP) 

monitoring, indwelling arterial line/ 
continuous infusion/flush system 
(usage), 12 lf 
vital sign, 136-137 
Bloodstream infections (BSIs), 687 
Blunt thoracic trauma, 599 
flail chest, 599 
pulmonary contusion, 599 
Body plethysmographs, examples, 76f 
Body plethysmography, principle, 67 
Body surface area burn, percent, 605 
Body weight, lung deposition (relationship), 

164f 

Bonnet fixation, 273f 

Bonnet sizing, Cardinal Health Infant Flow 
Nasal CPAP bonnet sizing, 276t 
Bovactant SF-RI, 256-258 
Boyle’s law, 644 

Bradycardia, hypotension (combination), 240 

Brain disorders, 634 

Brain tissue, compression, 593 

Breath 

depth, illustration, 205f 
exhaled breath condensate (EBC), tracing, 335f 
hold, creation, 309 
sounds, comparison, 48 
Breath-actuated nebulization, 169f 
occurrence, 169 

Breath-actuated nebulizers (BANs), 169 
Breath-enhanced nebulizers, impact, 168 
Breathing 

deep breathing, exercise (relationship), 206 
frequency, 318-319 
laboratory assessment, 500-502 
mechanics, 66 
support, 588-589, 592 
Breech malpresentation, 32 
Breech presentation, 30-31 
Bronchial fremitus, 56 
Bronchial hygiene therapy, 608 
Bronchial muscle tone (control), sympathetic 
mechanisms (usage), 374f 
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Bronchial provocation testing (challenge 
testing), 77-78 

Bronchial smooth muscle tone (control), 
parasympathetic mechanisms (impact), 
379f 

Bronchial stenosis, 513 
Bronchial tree, development, 1 
Bronchial tubes, appearance, 517f 
Bronchiectasis, 98-99, 517-518 
development, 552 
diagnosis, 517 
etiology, 517 
pathophysiology, 517 
radiographic indication, 104 
signs/symptoms, 517 
treatment, 517-518 
Bronchi, major bronchi (obstruction), 
513-514 

Bronchiolar-alveolar canals of Lambert 
compensatory mechanism, 199 
location, 199f 
Bronchiolitis 

ACT, avoidance, 208-209 
hospitalization, decision, 519 
management, bronchodilators (role), 519 
treatment, 519 
Bronchiolitis obliterans, 404 
Bronchi, vulnerability, 203 
Bronchoalveolar lavage, 102 
fluid, gram stain, 525 
performing, 109-110 
Bronchodilators, 389 
administration, 186-187 
inhaled bronchodilators, 375-376t 
inhaled short-acting bronchodilators, 
usage, 180 
role, 519 

therapy, pMDIs (usage), 186-187 
undiluted bronchodilator, 181 
usage, 423, 554 
Bronchogenic cyst, 462-463 
diagnosis, 463 
radiograph, 463f 
treatment, 463 
Bronchomalacia 

term, condition, 103-104 
Bronchopleural Hstula 
formation, 327-328 
management problem, 628 
Bronchopneumonia, parenchymal 
opacification, 98 

Bronchopulmonary dysplasia (BPD), 26, 
416-424 

antioxidants, 421 
antireflux measures, 423 
atypical bronchopulmonary dysplasia, 
416 

bronchodilators, usage, 423 
cardiac complications, 424 
children, 231-232 

classic bronchopulmonary dysplasia, 416 

clinical presentation, 419-420 

corticosteroids, usage, 421 

diagnosis, 419-420 

disorder, 149-150 

diuretics, 423 

drug therapies, 423 

fluid management, 423 


Bronchopulmonary dysplasia (Continued) 
genetics, impact, 419 
hypoxia/hyperoxia-induced lung injury, 
417-418 
incidence, 417 
inflammation, 418 

inhaled nitric oxide (iNO), usage, 421 
long-term morbidity, 424 
lung-protective ventilator strategies, 421 
mechanical ventilation, 422-423 
mesenchymal stem cells (MSCs), 421 
methylxanthines, usage, 421 
mortality, 424 

neurodevelopmental delays, 424 
neurological deficits, 424 
new bronchopulmonary dysplasia, 416 
mechanical ventilation/oxygen, 
requirement, 420 
nutrition, 418-419, 421, 423 
outcome, 424 
oxygenation, 422 
oxygen therapy, 421 

patent ductus arteriosus, relationship, 
419 

pathogenesis, 417-419 
pathophysiology, 424 
pentoxifylline, 421 
prematurity, relationship, 417 
prevention, 421 
pulmonary complications, 424 
pulmonary vasodilators, 423 
radiological staging, 419t 
risk factors, 424 
seve ri ty, 55 
social issues, 423 
steroids, usage, 423 
therapies, 421 
treatment, 422-423 
vascular hypothesis, 419 
ventilator strategies, 422t 
Bronchoscopy 

diagnostic bronchoscopy, 103-104 
therapeutic bronchoscopy, 104-105 
Bronchospasm, ACT (impact), 207 
Brownian motion (diffusion), 166-167 
Bubble CPAP (B-CPAP), 268 
Bubble nasal CPAP (B-CPAP), 273-274 
delivery system, 274f 
usage, 274 

Bubbling, frequency, 278-279 

Bubbly bottle method, 273 

Bulbar muscles, 634 

Bulboventricular loop, 14 

Bulb suction, 240-241 

Bulb syringe, manual operation, 240-241 

Bulbus cordis, 14 

Bulbus cordis, position, 16f 

Burn care, component, 605 

Burn injury, classification, 603-604 

Burn size, body surface area estimates, 

604f 

c 

Cabin pressurization (altitude), 644 
Caffeine for Apnea of Prematurity (CAP) trial, 
421 

Caffeine, usage, 438 

Calmodulin, calcium ion (binding), 344 


Calorimetry, 143-145 
direct calorimetry, 144 
indirect calorimetry, 144 
limitations, 145 
operation, principles, 144-145 
Canalicular phase (lung development phase), 3-4 
terminal bronchiole, location, 4f 
Cannulation procedure, initiation, 362 
Capillary biood gas (CBG), 115 
samples, 118-120 
complications, 120 
contraindications, 120 
correlation, 118 
procedure, 119-120 
sampling, performing (difficulty), 120 
Capillary permeability, increase, 252 
Capillary puncture 
equipment, 119b 
finger, grasping technique, 116f 
frequency, 127-128 
heel stabilization technique, 119f 
invasiveness, 118 
Capillary refill, assessment, 589 
Capnogram 

alveolar plateau, slope, 142f 
descending limb, stair effect, 142f 
example, 141 f 
interpretation, 140-141 
Capnography, 139-142, 487-488 
limitations, 140 

mainstream capnography, 139-140 
sidestream capnography, 139-140 
usefulness, 487-488 
volumetric capnography, 139 
Carbon dioxide (CO 2 ) 
clearance, decrease, 361 
concen tration, 140 
elimination, 140 
impact, 357 

ventilator frequency, relationship, 318 
measurement, capnography (usage), 139 
tension, measurement, 638 
volumetric capnography plot, 14lf 
Carbon dioxide partial pressure (PCO 2 ), 118 
Carbon dioxide production (VC0 2 ), 143 
Carbon dioxide tension (PtcC 02)> 142 
Carbon monoxide (CO) poisoning, 606-607 
symptoms, 607, 607t 
Carboxyhemoglobin (COHb), 131, 139 
formation, 607 

Cardiac anatomy/physiology, 471-472 
Cardiac anomalies 

clinical monitoring, 486-488 
respiratory care, 488-490 
Cardiac anomalies, classification, 472 
Cardiac border, demarcation, 91f 
Cardiac dysfunction, impact, 58 
Cardiac function, inadequacy, 582 
Cardiac index, 126 
Cardiac murmurs, description, 48 
Cardiac muscle disease, 357 
Cardiac output, 126-127 
determination, 576 
maintenance, 436 
monitoring, 488 
noninvasive measurement, 127 
shock, 576 
usage, 127 
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Cardiac perfusion, noninvasive measurement, 
127 

Cardiac rate, ECG monitoring, 501 
Cardiac support, ECMO (usage), 357 
Cardinal Health Infant Flow Nasal CPAP 
bonnet sizing, 276t 
Cardiogenic oscillations, 142, 142f 
Cardiogenic shock, 574 
Cardiomyopathy, 357 
Cardiopulmonary bypass, 259-260 
Cardiopulmonary exercise test (CPET), 
78-79, 80-79b 

Cardiopulmonary resuscitation (CPR), efficacy, 
487-488 

Cardiovascular complications, 328 
Cardiovascular development, 14-15 
chamber development, 14-15 
early development, 14 
maturation, 15 
Cardiovascular system, 48-49 
CareFusion 3100A, usage, 319f 
Caregiver education, 650-651 
Carina, 91f 
Cartilage, presence, 3 

Catheter-associated urinary tract infections 
(CATIs), 687 
Catheters 

high position, 120 
placement, 580-581 

waveforms, continuous monitoring, 126 
Centers of gravity, age/gender basis, 590f 
Central line-associated bloodstream infections, 
687-688 

Central nervous system (CNS) 

adrenocorticotropic hormone, release, 

579 

drowning, effects, 611-612 
neuromuscular control, 633 
Central sleep apnea (CSA), 495 
conditions, 495b 

Central venous catheter, placement, 124 
Central venous oxygen saturation, usage, 

124 

Central venous pressure (CVP) 
catheter placement, 602 
examples, 125f 
indications, 123 

intravascular pressure, measurement, 

486 

line, insertion, 92 
monitoring, 123 
tracing, 487f 
values, decrease, 124 
Centrifugal pumps, 360 
Cerebral cortex, functional areas, 590f 
Cervical cerclage, 28 
Cervical dilation, 27 
Cervical effacement, 27 
Cervical insufficiency, 28 
definition, 28 
Cervical ripening, 28-29 
Cervical soft tissue, radiographs, 507f 
Cesarean delivery, 32 
indications, 32 
CGA-280 fitting, usage, 347 
Chamber development, 14-15 
CHARGE defects, 455 


Chest 

anatomy, 90-92 
auscultation, 226 
compressions, provision, 35 
frontal view, 91f 
injury, suspicion, 99-100 
lines/tubes, positioning, 92 
percussion, 640 
radiographic assessment, 88 
radiograph, representation, 90 
section images (creation), computed 
tomography (usage), 90 
system, 48-49 
trauma, 99-100, lOOf 
Chest tub drainage, 442 
Chest wall 

compliance, infants/children, 198-199 
compression, occurrence, 6 
inspection, 55 
malformations, 459-460 
percussion, 56 
retractions, 46 

transillumination, performing, 48 
vibration, 200-202 
Chest X-ray (CXR), 412 
appearance, variation, 435 
presentation, 427 
Cheyne-Stokes respirations, 597 
Chiari malformations, 634-635 
Chief complaint, 52, 53 
Children 

acute respiratory disorders, NPPV 
treatment, 290b 

acute respiratory distress (treatment), NPPV 
(success/failure), 291b 
airway 

narrowness, 507 
resistance, 199 
asthma 

development, risk factors, 534-535 

immunotherapy, value, 541 

right middle lobe collapse, appearance, 

97 

bronchopulmonary dysplasia, 231-232 
chest wall compliance, 198-199 
Coma Scale, 597b 
communication, 670 
ECMO support, 359 
elective tracheostomy, 233 
energy expenditure measurement, indirect 
calorimeter (setup), 145f 
inspection, 54-55 

laryngeal elevation (reduction), tracheos¬ 
tomy (impact), 236 

mechanical ventilation, requirement, 674 
neuromuscular disease 
respiratory care, 639-643 
respiratory evaluation, 638-639 
nonintubated children, aerosol 
administration, 165 
NPPV 

accomplishment, 292 
application, 289 
factors, 288 
OSA, features, 499t 

percussion, pneumatic percussor (usage), 
202f 


Children (Continued) 

peripheral artery puncture, arterial sites 
(usage), 116f 
PFT, performing, 69 

physiological/pharmacokinetic differences, 
373 

pneumothorax, causes, 627b 
postural drainage positions, 20lf 
preschool children, aerosol device selection, 
180 

pulmonary function measurements, 73t 
pulse oximeter probe, attachment, 138f 
respiratory failure, 223, 356-357 

neuromuscular weakness/central alveolar 
hypoventilation, impact, 288-289 
tracheostomy, 667-671 

home medical equipment/supplies, 
requirement, 667b 

transcutaneous oxygen monitor electrode, 
placement, 143f 

upper airway, auscultation, 507-508 
young children 

aerosol device selection, 180 
postural drainage positions, 200f 
Zileuton, usage (approval), 382 
Children’s Hospital Association (CHA), 685 
CHIME study, 498 
Chlamydia pneumoniae, 525 
Choanal atresia, 455, 508 
clinical presentation, 455 
types, 455 
Chorion, 13 

Chorionic membrane, 13 
Chorionic villi, 13 
Chronic disorders, guidance, 291 
Chronicity, 52 

Chronic lung disease (CLD), 416 
pathogenesis, algorithm, 418f 
Chronic lung disorders, ventilation response, 
149-150 

Chronic obstruction, 549 
Chronic obstructive pulmonary disorder 
(COPD), 374 
exacerbations, 290 

Chronic pulmonary insufficiency of prematurity 
(CPIP), 416-417 

Chronic respiratory failure, NPPV (treatment), 
290-291 

Chronic tracheotomy, problems, 236 

Churg-Strauss syndrome, 383 

Circulation, adequacy, 589 

Classic bronchopulmonary dysplasia (BPD), 416 

Clavicles, breakage, 50 

Cleft palate, 456 

Closed system suctioning, open system 
suctioning (differences), 326 
Closed tracheal suction systems, 241 
Clostridium botulinum, 636 
Clubbing, absence, 58f 
Clubfoot, 50 

Cocaine, pregnancy toxic habit, 24 
COIN trial, 255 
Cold-water drowning, 611 
Colistimethate (Coly-Mycin M), 387-388 
adverse events, 387-388 
mechanism, 387-388 
therapy, placement, 387-388 
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Colistimethate sodium, 387-388 
Collateral airways, location, 199f 
Columella necrosis, short-term nasal CPAP 
(impact), 271f 
Coma 

classifications, 596t 
lethargy, relationship, 596-597 
pentobarbital coma, 595 
Coma Scale (children), 597b 
Community resources, 662-663 
telephone list, 662b 
Complex bedside measurements, 84 
Compliance (C) 
measurement, 82 
serial measurements, 311 
Compressible volume, 324 
Computed tomography (CT), section image 
creation, 90 

Conductance (Gaw), 75-77 
Congenital anomalies, oligohydramnios (asso¬ 
ciation), 25-26 

Congenital bronchiectasis, 517 
Congenital cardiac diseases (treatment), nitric 
oxide (usage), 644 

Congenital central alveolar hypoventilation 
syndrome (CCHS), 634 
treatment, 291 

Congenital chylothorax, 598-599 
Congenital cystic adenomatoid malformation 
(CCAM), 463 

morphological appearance, 463 
Congenital diaphragmatic hernia (CDH), 259, 
458-459 

diagnosis, 458-459 

experimental surgical treatments, develop- 
ment, 459 

left-sided CDH, radiograph, 458f 
occurrence, 355 

Congenital heart disease (CHD) 
importance, 488 

medical-surgical management, 357 
Congenital hypothyroidism, 51 
Congenital laryngeal stenosis, 231 
Congenital lesions, periglottic obstructions, 
509 

Congenital lobar emphysema, 464 
Congenital myasthenia, 636 
Congenital tracheal stenosis, 513 
Congestive heart failure (CHF), 475 
Conscious sedation, 107, 109 
Constant flow-volume ventilation, 
flow/pressure waveforms, 311f 
Continual distending pressure, high- 
frequency ventilation, 323 
Continuous distending pressure (CDP), 267 
presence, 305 

Continuous infusion/flush system, usage, 
121f 

Continuous invasive biood gas monitoring, 
123 

clinical highlight, 124b 
complications, 124 
measurements, 124 
procedure, 124 
sites, 123 

Continuous nebulization, 169f 
alternative, 169 


Continuous positive airway pressure (CPAP), 
231-232, 267 
advancing concepts, 280 
airway management, 279 
application, 277-278 
bedside care, 279 
clinical objectives, 289 
contraindications, 269b, 270 
delivery systems, 271-276 
equipment monitoring, 278 
hazards/complications, 270-271 
indications, 269-270, 269b 
infant position, 28 lf 
initiation, 276 

starting point, 277 
steps, 276 

management strategies, 276-280 
mechanical ventilator CPAP, 273 
monitoring, 278-279 
nasal breakdown scoring system, 280t 
nasal CPAP, usage, 270 
neonatal consideration, 269-270 
noninvasive application, 270-271 
objectives, 288-289 
patient interfaces, 271-276 
physical assessment, usage, 278 
physiological effects, 268-269, 269b 
recruitment, occurrence, 277 
support, 277b 

failure, recognition, 278b 
systems, 268f 
types, 268 
therapy, 198-199 
weaning, 279-280 

Contraction stress test (CST), 29-30 
Control head/eyepiece, 106 
Controlled mechanical ventilation (CMV), 
181 

jet nebulizer, usage, 186 
Control variables, impact, 317f, 320f 
Control ventilation, usage, 307 
Conventional mechanical ventilation (CMV), 
354, 609 

Cord damping, delay, 424 
Cord milking, 424 

Coronary artery disease, acceleration, 404 
Corticosteroids, 380-381 
action, mechanism, 380 
adverse events, 380-381 
agents, 38 lt 

anti-inflammatory agents, usage, 380 
dosage/administration, 380 
inhaled corticosteroids, effects, 380-381 
pharmacology, 380 
side effects, 381 

systemic corticosteroids, importance, 

380 

therapy, placement, 380 
usage, 413, 555 
Coryza, RSV symptoms, 522 
Costal cartilage graft, usage, 238f 
Cotton-Myer grading chart, 231 
Cough, 104 

airway clearance technique (ACT), impact, 
203-204 

effectiveness, measurement, 639 
Cough Assist, 198 


Coughing 

assisted coughing, 640 
forced expiration technique, relationship, 
204 

manually assisted coughing (MAC), 640 
C-reactive protein (CRP) levels, elevation, 499 
Crepitus (subcutaneous emphysema), 628 
Cretinism, 51 

Crew resource management (CRM), 682 
Cricoid pressure, 431 
Critical care 

aerosol administration technique, 185-186 
transportation, modes, 635 
Critical care transport team, 643 
composition, 634, 641-642 
members, requirements, 634b 
qualities, 643 
staffing, 634-635 
training, 634 
training topics, 639b 
Cromolyn sodium (Gastrocrom), 384 
action, mechanism, 384 
dosage/administration/adverse effects, 384 
therapy, placement, 384 
usage, 539 

Crossing the Quality Chasm, 681-682 
Croup (laryngotracheobronchitis), 93 
impact, 93f 
scoring system, 5lit 
Crowded oropharynx, 500 
Crying (neonates), 51 
Cupped hånd position (percussion), 202f 
Curare cleft, alveolar plateau, 142f 
Curved blade (Macintosh blade), 224 
Cutdown method (surgical cannulation), 123 
Cyanosis, 482 
presence, 149 
TGA (clinical sign), 484 
Cyanotic congenital heart lesions, 481-486 
Cyanotic lesions, 472 
Cycle ergometer, adjustable pedal crank 
shafts, 79f 

Cyclic adenosine monophosphate (cAMP) 
production, increase, 373 
usage, 421 

Cyclic guanosine monophosphate (cGMP), 
usage, 344, 421 

Cystic adenomatoid malformation, 96 
Cystic fibrosis (CF), 98-99 
ACT, usage, 209-211 
airway clearance therapy, 554 
airway inflammation, 552 
airway obstruction, 552 
antibiotics, 554-555 
selection, 554-555 

anti-inflammatory agents, usage, 555 
autosomal recessive inheritance, 550 
chest radiographs, 553f 
clinical manifestations, 553 
corticosteroids, usage, 555 
diagnosis, 550-552 
diagnostic criteria, 551b 
disorder, 149-150 

distal intestinal obstruction syndrome, 556 
epidemiology, 550 

gastroesophageal reflux disease (GERD), 
556 
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Cystic fibrosis (Continued) 

gastrointestinal disorders, 556 
genetic disorder, 549 
genetics, 550 

hepatobiliary disorders, 556 
heterozygote, 550 
homozygote, 550 
hospitalization, 555 
Ibuprofen, usage, 555 
lung transplantation, 555 
macrolide antibiotics, 555 
meconium ileus, 556 
molecular biology, 550 
mucociliary clearance, variation, 552 
mucolytic agents, 554 
mucus production, 552 
nasal transepithelial potential difference, 551 
newborn screening, 551-552 
nonpulmonary manifestations, 555-556 
obligate carrier, 550 
pancreatic insufficiency, 556 
prognosis, 556-557 
pulmonary exacerbation, 52 
signs/symptoms, 553b 
rectal prolapse, 556 
self-care, promotion, 209-210 
signs/symptoms, evaluation, 550b 
small-molecule CFTR modulators, usage, 
555 

surfactant replacement therapy, 261 
sweat chloride testing, 550-551 
upper airway disorders, 556 
Cystic fibrosis transmembrane regulator 
(CFTR), 189, 549 
mutation 
analysis, 551 

clinical disease, association, 552 
small-molecule CFTR modulators, 555 
Cytomegalovirus, 23-24 
involvement, 403-404 

D 

Daily spontaneous breathing tests, 489 
Dead space, 324 

anatomical dead space, 324 
mechanical dead space, 324 
Dead-space volume, 140 
Death scene, examination, 495 
Decannulation, 237-239 
tube changes, 669 

Deep breathing, exercise (relationship), 206 
Deep neck infections, 508 
Deep partial-thickness burns, 604 
Delivery. See Postterm delivery; Preterm 
delivery 

assisted vaginal delivery, 31-32 
Cesarean delivery, 32 
high-risk delivery, occurrence, 34 
medical risk factors, 26b 
mode, 30-32 
system, term (usage), 271 
Delivery room, endotracheal intubation/ 
intratracheal suctioning, 431 
Delta P, 319 

Deoxygenated biood, return, 18 
Deoxygenated hemoglobin, light absorption 
(differences), 138f 


Deoxyhemoglobin, 137 
Deoxyribonucleic acid (DNA) synthesis, rate 
(reduction), 7 

Derived hemodynamic parameters, ranges, 
127t 

Developing heart, sagittal view, 16f 
Developmental pharmacology, 373 
DeVilbiss Porta-Sonic, 171 
Dexamethasone, usage, 27 
Dextral looping, occurrence, 14 
Diabetes mellitus, 22-23 

diagnosis (criteria), oral glucose tolerance 
testing (usage), 23t 
gestational diabetes mellitus (GDM), 
22-23 

incidence, increase, 556 
pregestational diabetes mellitus, 22 
Diagnostic bronchoscopy, 103-104 
Diaphragm 

electrical activity, 312 
inspiratory muscle, 633 
left lower lobe pneumonia, relationship, 
91f 

Diaphragmatic function, 489 
Diaphragmatic hernia 

chest wall decompression, occurrence, 6 
hypoplasia, association, 7 
Diffusing capacity, 74-75 
Diffusing capacity of the lung (DLCO), 
74-75 

Diffusion (Brownian motion), 166-167 
antibiotic diffusion barrier, 167 
enhancement, 310-311 
Dilute surfactant lavage, usage, 259 
Dipalmitoylphosphatidylcholine (DPPC), 
presence, 247-248 
Diplopia, 593 

Direct Antiglobulin Test (DAT), 36 
Direct calorimetry, 144 

Direct intracardiac pressure monitoring, 124 
Direct laryngoscopy 

curved (Macintosh) blade, usage, 225f 
straight (Miller) blade, usage, 225f 
Direct laryngotracheal suctioning, 42 
Discharge 

delay, barriers, 662-663 
multi-disciplinary health care professional 
team members, 659b 
Discharge planning, 649 
definition, 659 
family assessment, 649 
patient assessment, 649 
process, 659 

team, communication, 652 
Distal intestinal obstruction syndrome, 556 
Distal tracheal narrowing, 236 
Distending pressures, increase, 313-314 
Diurnal ventilation, 642 
improvement, 641-642 
Donation after cardiac death (DCD), 399 
Doppler ultrasonography, measurement, 29 
Dornase alfa (Pulmozyme), 385 
action, mechanism, 385 
adverse events, 385 
dosage/administration, 385 
therapy, placement, 385 
Double capillary network, 5f 


Down syndrome, lung development 
(alteration), 7 
Doxapram, usage, 438 
Driver diagram, 692f 
Drooling, 457 
Drowning, 610-616 

autonomic instability, 612 

cardiovascular effects, 612 

central nervous system effects, 611-612 

classification, 611 

dry outcome, 610-611 

effects, 612 

emergency department, 613-615 
incidence, 611 

initial resuscitation, algorithm, 614f 
injuries, classification, 611 
near-drowning outcome, 610-611 
outcome, 616 
pathophysiology, 611 
prevention, 616-617 
pulmonary edema, progression, 615 
pulmonary effects, 612 
secondary outcome, 610-611 
treatment, 612-615 
wet outcome, 610-611 
Dry drowning, 610-611 
Drying/warming (neonates), 41 
Drypowder inhalers (DPIs), 176-178 
aerosol production, 177 
care/cleaning, 178 

device, internal geometry (impact), 177 
form, 377-378 

inspiratory flow, impact, 177f 
technique, 178 
usage, 164 

co mparison, 179t 
differences, 178t 
technique, 179b 

Duchenne muscular dystrophy (DMD), 637, 
638 

quality of life, 642-643 
Ductus arteriosus, 17f 
closure, induction, 27 
resis tance, 17-18 
Ductus venosus, 17f 
DuoNeb, 379 

Durable medical equipment (DME), 659 
caregiver education, 665-666 
examples, 661b 
providers, 660 

selection, 672-673 
supply, 661 

Dynamic lung compliance (Cdyn), 82 
Dysphasia, 93 
Dysphonia, 381 
Dyssynchrony, cause, 320 
Dystocia (cesarean delivery risk), fetal 
macrosomia (impact), 28 

E 

Early decelerations, 32f 

Early goal-directed therapies (EGDT), 124 

Early-onset PIE, 442 

Ectoderm, 13 

Edema, coin (impact), 94f 

Effective tidal volume, calculation, 306b 

Ehlers-Danlos syndrome, 459 
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Elective flexible bronchoscopy, 105 
Elective tracheostomy, infants/children, 233 
Electrical activity of the diaphragm (EAdi), 
312, 312t 

Electrical impedance tomography (EIT) 
images, 334f 
impact, 334-335 
Electrocardiography (ECG), 136 

signal, cardiogenic oscillations, 142f 
Electroencephalogram (EEG), usage, 494 
Electrolytes, abnormalities, 637-638 
Electromyographic (EMG) signal, recording, 
329f 

Electrooculogram (EOG), 500-501 
Embryonal phase, 2 
Embryonic disk, 13 
Embryonic germ layers, tissue systems 
(origin), 13b 

Embryo, overview, 12-13 
Emergency bronchodilator resuscitation, 
180-181 

Emergency department, asthma exacerbations 
(management), 544-545 
Emergency tracheostomy supplies, 659b 
Emergency tracheotomy, 228 
Empyema, 625-626 
Encephaloceles, 50 
Encephalopathy, 596 
Endocardial cushions, 14 
defects, 475 
position, 16f 
Endoderm, 13 

Endodermal structures, development, 460 
Endogenous nitric oxide (NO) production, 
344, 344f 

Endogenous pulmonary vasodilating 
cytokines, release, 18 
Endomyometritis, 32 

Endothelial nitric oxide synthase (eNOS), 344 
Endothelin type 1 (ET-1), 434 
Endothelium-derived relaxing factor (EDRF), 
344 

Endotracheal intubation, 431 
indications, 223 
Endotracheal tube (ETT) 
aerosol impaction, 185 
characteristics, Identification, 223-224 
cuffed/uncuffed tubes, 224 
diameter, decrease, 318 
distance markings, 223f 
intubation, 223-224 
midtrachea position, 226 
narrowness, 183 
patients, care, 325-326 
secretions, suctioning, 239 
securing, 226-227 
steps, 227f 
selection, 224 
size, determination, 224 
stabilization equipment, 227b 
vapor, presence, 226 
End-tidal C0 2 (ETC0 2 ), 139, 487 
detector, usage, 226 
monitoring, 644 
monitor, usage, 479 
recordings, 330f 

End-to-end anastomosis, 477-478 


Energy expenditure 
calculation, 144 
determination, 143 

measurement, indirect calorimeter (setup), 
145f 

Enuresis, 499-500 

Environmental Control measures, 540b 
Environmental tobacco smoke, exposure, 52 
Epiglottal blockage, 431 
Epiglottis, 93, 509-511 
characteristics, 506 
diagnosis, 510 
differential diagnosis, 510t 
enlargement, 93f 
extubation, usage, 511 
incidence/etiology, 509-510 
infection, treatment, 511 
intubation emergency, 228-229 
lateral neck radiograph, 510f 
lateral soft-tissue neck radiograph, 229f 
signs/symptoms, 510 
thinness, lateral view, 507f 
treatment, 510-511 
Epinephrine, 378 
injection, availability, 378 
parenteral epinephrine, 378 
Epithelial ridge, ingrowth, 456 
Epithelium surface, cilia (appearance), 3 
Error 

definition, 681 
JCAHO review, 683 
prevention, safety behaviors, 692-694 
Escharotomy, 605 
photograph, 605f 

Esophageal anastomoses, performing, 458 
Esophageal atresia, 26, 456-458 

anatomic classification, 456-457, 457f 
occurrence, 457 
repair, 202 

Esophageal injuries, 602 
Esophageal pressure, monitoring, 330-331 
Esophagus, endotracheal tube, 141 
Esophogram, 90 

Established patient history, 52, 53b 
Evidence-based practice (EBP), 685-686 
Evidence transfer, 686f 
Excessive daytime sleepiness (EDS), 499 
Exercise-induced bronchospasm (EIB), 545-546 
diagnosis, 546 
management, 546 
prevalence, 546 

Exhaled breath condensate (EBC), tracing, 
335f 

Exhaled nitric oxide (ENO), 80-81 
asthma, relationship, 536-537 
test, performing, 81f 
Exocrine pancreatic insufficiency, 549 
Exogenous commercial surfactants, 257t 
Exogenous surfactant therapy, 443 
Expert Panel Report 3 (EPR-3), 380 
Expert Panel Report 3: Guidelines for the Diagnosis 
and Management of Asthma, 535 
Expiratory flow-volume loop, 71f 
Expiratory frontal chest radiograph, 89f 
Expiratory loops 

flow-volume loop, 71f 
prebronchodilator expiratory loops, 74f 


Expiratory muscles, components, 633 
Expiratory positive airway pressure (EPAP), 
292 

adjustment, 294 
Expiratory times, 81-82 
External benchmarking, 683-684 
Extracellular matrix (mesenchyme), thinning, 4 
Extracorporeal Life Support (ECLS) circuit, 
initiation/cessation, 362 
Extracorporeal Life Support Organization 
(ELSO), 354 

ECLS Registry Report, 355 1 
Extracorporeal membrane oxygenation 
(ECMO), 258, 259-260, 353 
anticoagulation, 363 
availability, 357 
background, 354 
bleeding, complication, 367 
cannulas, 362-363 
cardiac applications, 357 
circuit-infant (mode), 359f 
circuit integrity 
monitoring, 363 
safety, 364b 
circuits, 362 

function, monitoring, 363-364 
clinical highlight, 368b 
clinical management, 363-366 
guidelines, 366b 

comparison, Pediatric Study Group, 356 
complications, 367 
contraindications, 356 
fluid/nutrition, 365-366 
function, monitoring, 363-364 
gas mixtures, 349 
hemodynamics, 364 
laboratory tests, 364-365 
liberation, 366-367 
membrane function, evaluation, 363 
necessity, decrease, 355 
neonatal pneumonia, 428 
neurological assessment, 365 
outcomes, 367-368 
physiological complication, 367 
requirement, 260 
reduction, 258 
respiratory support, 365 
selection criteria, 356b 
support 

establishment, 362-363 
W mode, 359 
support, modes, 357-359 
systems, 359-363 
technical complications, 367 
temperature regulation, 361-362 
usage, 303, 354-357 
decline, 355-356 
success, 354 
summary, 355 1 

Extrathoracic airway (upper airway), 
obstruction, 508f 
Extrathoracic musculature, 598 
Extrauterine life 

fetal transition, 34-36 
transition, 18, 471-472 
Extremely low birth weight (ELBW) infant, 
415 
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Extremities (neonates), 50-51 
inspection, 58 
Extubation, 230-231 

accidental extubation, 230 
complications, 230-231 
equipment, 230 
failure, 230-231 
Heliox, 230 

nasal mask ventilation, 230 
procedure, 230 
usage, 511 

Exudate, differences, 625 1 
Exudative pleural effusions, causes, 625b 
Ex vivo in-line continuous biood gas monitor, 
usage, 123f 

F 

Face mask 

requirement, 66-67 
tightness, 350 
usage, 349-350 

Failure Modes and Effects Analysis (FMEA), 
689-690 

Familial infantile myasthenia, 636 
Family 

assessment, 681-682 
history, 52 

Femoral artery, emergency usage, 115 
Fertilization, 13 
Fetal alcohol syndrome, 24 
Fetal anatomy, evaluation, 29 
Fetal biophysical profile (BPP), 30 
Fetal biophysical status, 22-23 
Fetal circulation, 15-18 
diagram, 16f 
Fetal fibronectin, 27 
Fetal growth, estimation, 29 
Fetal heart 

development, events (timetable), 14t 
frontal view, 16f 
Fetal heart rate (FHR) 

decelerations, diagnosis, 32 
monitoring, 29-30 
Fetal hemoglobin, 131 
Fetal hypoxia, risk (increase), 33f 
Fetal life, transition, 599 
Fetal lung 

growth retardation, 7 
liquid, 8 

maturity testing, 251, 25lt 
Fetal lung fluid 
clearance, 8 
presence, 8 

Fetal macrosomia, impact, 28 
Fetal membranes, 25 
Fetal/neonatal asphyxia, prevention, 413 
Fetal outcomes, 22 
Fetal oxygenation, 33 
Fetal PO 2 (partial pressure of oxygen), 
decrease, 30 

Fetal pulse oximetry, 33 
Fetal risk, decrease, 28-29 
Fetal scalp 

biood values, 34t 
stimulation, 32-33 
Fetal shunts, 15-18, 17f 
Fetal swallowing, 25 


Fetal urination, product, 25 
Fetus 

meconium, passage, 35 
ultrasound picture, 28f 
Fight or flight, 378 

Financial resources, requirement, 682-683 
Fine particle mass, delivery, 177f 
Fingers, appearance, 58f 
Fishbone diagram, 69 lf 
Fisher and Paykel prongs, 271-272 
Fixed-performance oxygen delivery systems, 
154-159 

air-entrainment masks, 154-155 
air-entrainment nebulizers, 155-156 
high-flow nasal cannula, 156 
oxygen hood, 157-159 
Fixed-wing aircraft, 635 
Flail chest, 599 

Flexible bronchoscope, 105-106 
Control cables, 106 
insertion tube, 105-106 
light/image bundles, 106 
placement, 11 lf 
Flexible bronchoscopy 
contraindications, 105 b 
elective flexible bronchoscopy, 105 
impact, 105 
indications, 103b 

Flexible bronchoscopy, performing, 107 
Flexible fiberoptic bronchoscopy, 102 
Flexible nasopharyngoscopy, 105 
Flow, 82, 323 
rate, 320 

resistors, usage, 272 
sensing, 312 

support, inadequacy, 320f 
tracing, 82f 
usage, 323 

Flow-based spirometers, pneumotachometer 
(usage), 69 

Flow generator, design, 275 
Flow-inflating bags, pressure (delivery), 35 
Flow/time scalar, inspiratory time (excess), 
32 lf 

Flow-volume (F-V) curve 
effect, 70-73 

expiratory/inspiratory portions, 70-73 
Flow-volume (F-V) loops, 70-73, 82-83 
airway obstruction forms, 73f 
expiratory/inspiratory loops, 71f 
flow support, inadequacy, 320f 
generation, 82-83 
patterns, 74f 
PEFR measurement, 84 
tidal volume, 81-82 
witch’s hat shape, 74f 
Fluid management 
BPD, 423 
optimization, 414 
Flutter, attachment, 204 
Foam stability test (shake test), 413 
Follow-up, 52, 53b 
Fontanels (soft spots), 49, 591 
Fontan procedure, 480-481 
biood flow, 48lf 
Foramen ovale, 14-15, 17f 
schematics, 16f 


Forced expiration technique (FET), 198, 204 
coughing, relationship, 204 
Forced expiratory flow, 73 
Forced expiratory volume in 1 second (FEVi), 
65, 73 

measurement, 72f 

Forced oscillation technique (FOT), 77 
Forced vital capacity (FVC), 65, 73 
maneuver, performing, 70 
volume-time spirometry graph, 71f 
Foreign body aspiration, 104, 514-515, 514f 
asymmetrical lung volumes, 515f 
diagnosis, 514-515 

fiberoptic laryngoscopy/bronchoscopy, 515 
incidence, 514 
signs/symptoms, 514 
treatment, 515 
Formoterol (Foradil), 378 
Fraction of exhaled nitric oxide (FENO), 
536-537 

Fraction of inspired oxygen (Fi0 2 ), 319-320 
adjustments, 322 
administration, 223 
equation, 319 

estimation, regression equation, 152b 
weaning, 277 

Fraction of nitric oxide (FENO), 80-81 
Frank-Starling principle, 576 
Freshwater submersion, fluid/electrolyte 
changes, 612 
Frog breathing, 640 
Frog leg position, 149 
Full-thickness burns, 604 
Fulminant myocarditis, 357 
Functional residual capacity (FRC), 65, 267 
improve, 310 
increase, 309 
levels, 67f 
maintenance, 412 
methods, 67-68 
resting volume, 67 

Funnel chest (pectus excavatum), 48, 459-460 
term, application, 459 

G 

Gas exchange 
goals, 567 

mechanisms, 310-311 
Gas mixtures 
case study, 350b 
impact, 489-490 
Gas transfer, 360 
Gas trapping, 310 

Gastric bubble, presence/absence, 457 
Gastric suctioning, 431-432 
Gastroesophageal reflux disease (GERD), 556 
Gastroesophageal reflux, presence (assess¬ 
ment), 501 

Gastroschisis, 49, 465-466 
bowel, appearance, 465f 
development, 465-466 
photograph, 49f 
Generalized myasthenia, 636 
Gene transfer therapy, aerosol delivery, 189 
Genotype, 551 
Gentie ventilation, 421 

Geometric standard deviation (GSD), usage, 166 
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Germinal matrix, maturation, 27 
Gestational age 
determination, 43 
weeks, characteristics, 45f 
Gestational age/size assessment, 43 
Gestational diabetes mellitus (GDM), 22-23 
diagnosis, 22 

Glasgow Coma Scale (GCS) 
design, 597 
score, 589 

Glenn procedure, 480 
Glossopharyngeal breathing (GPB), 640 
Glossoptosis, 456 

Glottic structures, laryngoscopic examina- 
tion, 226f 

Glottis closure, early termination, 70-73 
FVC, underestimation, 72f 
Glucocorticoid administration, 7 
Glycogen storage diseases, 637 
Glycopyrrolate (Robinul) (Cuvposa), 

379-380 

adverse events, 379-380 
dosage/administration, 379 
Gobiet cells, presence, 552 
Graft atherosclerosis, 400 
Gravitational sedimentation, occurrence, 

166 

Great vessels, 47 lf 
Ground transportation, 635-637 
advantages/disadvantages, 651b 
Group B streptococcal pneumonia, 96f 
radiograph, 427f 
Group B streptococcus (GBS), 23 
Group B Streptococcus (GBS), bacterial isolate, 
425 

Growth restriction, 24 
G run ting, 46, 55 

Guillain-Barré syndrome (GBS), 635-636 

H 

Haemophilus influenzae, 93, 524 
Haemophilus influenzae type B (HIB) vaccine, 
introduction, 228 
Hamilton G5, usage, 349 
Handoff communication, 691 
SBAR, usage, 693 
Headache, clinical features, 593 
Head bobbing, 55 
illustration, 55f 
Head elevation, 594 
Head injuries, 589-598 
airway patency, 592 

anatomical considerations, 590-591, 593 
clinical features, 593-594 
data gathering, 591-592 
diagnostic assessment, 591-592 
diplopia/strabismus, 593 
disability (neurological assessment), 592 
epidemiology, 589-590 
inertial injuries, 590 
intracranial pressure, increase, 593-594 
objective data, 591 
papilledema, 593 
secondary survey, 592-593 
stabilization, 592-593 
subjective data, 591 
Head on bed (HOB) elevation, 325 


Health care 
quality, 681 
definition, 681 
evaluation, 681-682 
safety, 681 
team, 59-61 

clinical highlight, 60-6lb, 60b, 61b 
telephone list, 652b 

Health care-associated infections (HAIs), 687 
reduction, 687 

Health Failure Modes and Effects Analysis 
(HFMEA), 689 

Health Performance Improvement (HPI), 
safety events, 683 
Heart 

anatomy, 471, 471f 
biood flow, 471 

chamber, size/composition, 471 
enlargement, 96f 
great vessels, 47lf 
murmur, intensity (decrease), 482 
position, right-to-left reversal, 521 
transplantation, 399-400 
indications, 399 1 
transplan ts 

patient survival, 40 lf 
relative volume, 398f 
tubes, fusion, 15f 
upper chamber (atrium), 471 
HEART high-output nebulizer, 180-181 
Heart-lung transplantation, 400 
Heart-lung transplants 

respiratory complications, 402 
Heart-lung transplants, relative volume, 

398f 
Heart rate 

assessment, 136-137 
changes, 666 
Heart rate (HR) 

resuscitation response, failure, 43 
signs, 43 
variations, 48 

Heat and moisture exchanger (HME), 669 
Helium characteristics, 347 
Helium dilution method, 75 
Helium-oxygen (heliox) 
delivery, obstacle, 348 
extubation, 230 
high-flow nasal cannula, 348 
impact, 168 

volume, calculations, 349 
Helium-oxygen (heliox) mixtures, 347-349 
action, physiological basis, 347 
application, 347-349 
delivery, 348-349 
impact, 348 

Hemithorax, cysts (presence), 97f 
Hemodynamics, 364 
monitoring, 486-487 
parameters, ranges, 127t 
Hemofilter, addition, 363 
Hemofiltration, 363 
Hemoglobin 

abnormalities, 131 
carboxyhemoglobin, 131 
deoxyhemoglobin, 137 
fe tal hemoglobin, 131 


Hemoptysis, 104 
Hemorrhage, result, 624-625 
Hemorrhagic edema (pulmonary 
hemorrhage), 258 
occurrence, 258 

Hemothorax, penetrating thoracic trauma, 
600-601 

Hepatitis B virus (HBV), 23-24 
Hepatobiliary disorders, 556 
Hernia, operative repair, 459 
Herpes simplex virus (HSV), 23 
Heterogeneous pulmonary infiltrates, 43 lf 
Heterozygote, 550 
Hickman catheter, 92 
High-altitude physiology, 639-643 
High-efficiency particulate air (HEPA) filter 
masks, 108 

High-flow nasal cannula, 156, 276 
application, 157 
clinical highlight, 157b 
hazards/complications, 157 
heliox, usage, 348 

indications/contraindications, 156-157 
objectives, 289-290 
High frequency, 333 
initiation, 333 

High-frequency chest compression (HFCC), 
198 

inflatable vest, usage, 205f 
High-frequency chest wall compression 
(HFCWC), 205-206 
evaluation, 205-206 

High-frequency chest wall oscillation, 198, 

206 

High-frequency circuits, considerations, 
324-325 

High-frequency jet ventilation (HFJV), 304f, 
305,310 

High-frequency oscillatory ventilation 
(HFOV), 

304f, 305 
introduction, 355 
measurement, 319f 

High-frequency percussive ventilation (HFPV), 
305,310, 609 

High-frequency positive-pressure ventilation 
(HFPPV), 305 

High-frequency ventilation (HFV), 301, 
302-303, 304-305 
advancing concepts, 335 
continual distending pressure, 323 
development, 313 
gas transport/exchange, 310 
inspiratory time, 323-324 
LFV, contrast, 315 
management, 313-316 
mean airway pressure, 323 
monitoring, 331 
oscillatory amplitude, 319 
oxygenation, manipulation, 322-324 
oxygenation/ventilation strategies, 315t 
peak pressure, 319 
pediatric patients, 303 
PEEP, 323 
usage, 333-334 

ventilation, manipulation, 318-319 
High-level disinfection, 110-111 
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High reliability organizations (HROs), 684-685 
attributes, 685 1 
check-ins, 685 
executive rounds, 685 
performance management, 685 
practitioner skiils, 686-687 
safety huddies, 685 
work processes, 685 
High-risk conditions, 24-29 
High-risk delivery, occurrence, 34 
High-volume strategy, 313-315 
Hila, 90 
Hirsutism, 381 

History of the present illness (HPI), 52 
Hollow-fiber membranes, composition, 361 
Home 

assessment, 659, 661 
checklist, 661b 

cleaning suction catheters, 668b 
discharge, delays, 673-674 
electrical circuitry, evaluation, 661 
mechanical ventilation, 671-674 
problems, 674b 

medical equipment/supplies, 673b 
medical equipment/supplies, necessity, 667b 
oxygen therapy, 663-664 
patient arrival, 674 
transition, success, 674-676 
Home care 

community resources, 662-663 
discharge planning, 659-661 
family preparation, 672 
financial resources, 660-661 
personnel, 662-663 
training manual, essentials, 660b 
Homozygote, 550 
HOPE nebulizer, 180-181 
Horizontal fissure (minor fissures), 91 
Hormonal abnormalities, variety, 7 
Hospital birthing services, Guidelines for 
Perinatal Care, 34 
Hudson prongs, 271-272 
Hudson RCI infant nasal prong 
CPAP, sizing chart, 273t 
interface, bonnet fixation, 273f 
Hug technique 
performing, 67f 
problems, occurrence, 68-69 
Human embryo, implantation, 13f 
Human immunodeficiency virus (HIV), 23 
infection, frequency, 23 
Human intrauterine lung growth, phases 
(classification), 2t 
Humidification, 325 
systems, 669-670 

Humidified high-flow nasal cannula (HH- 
FNC), 156 

clinical highlight, 157b 
usage, 156 

Hunter’s syndrome, 228 

Hurler’s syndrome, 228 

Hyaline membrane disease, occurrence, 94 

Hydrating agents, 384-385 

Hydrops fetalis, 26 

Hygromas, 50 

Hyperalimentation, 139 

Hyperglycemia, occurrence, 582 


Hyperinflation therapy, 213-214 
usage, 216 

Hyperosmolar aerosols, usage, 189 
Hyperoxemia, 137 
Hyperoxia, 158 
Hyperpnea, 482 
Hypertension, 24 
Hypertonic saline, 385 
action, mechanism, 385 
dosage/administration/adverse events, 385 
therapy, placement, 385 
Hyperventilation, 328-329, 594 
problem, 328-329 
Hypocalcemia, 27, 51 
Hypopharynx 

displacement, 94f 
tonsils, enlargement, 93f 
Hypoplasia, diaphragmatic hernia 
(association), 7 

Hypoplastic left heart syndrome (HLHS), 667, 
478-481 

presentation, factors, 478-479 
therapy, 479 

treatment procedures, sequence, 479f 
Hypoplastic left ventricle, ascending aorta 
(narrowing), 478f 
Hypoplastic vasculature, 434 
Hypothalamic damage, 597 
Hypothalamic-pituitary-adrenal (HPA) axis, 
suppression, 380 
Hypothermia, 595 
findings, 613t 
presence, 613 
Hyp oventilation, 328-329 
cause, 328 
operator error, 328 
Hypoxemia, 137 
ACT complication, 207-208 
clinical signs/symptoms, 149 
correction, 149 

documentation/suspicion, 149 
evidence, 149 

indication, ABG analysis (usage), 430 
occurrence, 149 
prevention, 414 
Hypoxia 

physical signs, 149 
progression, 149 

Hypoxia/hyperoxia-induced lung injury, 
417-418 

i 

Iatrogenic airway injuries, 602 
Iatrogenic injuries, occurrence, 602 
Iatrogenic thoracic trauma, 601-603 
esophageal-pharyngeal injuries, 602 
pneumomediastinum, 601 
pneumothorax, 601-602 
ventilator-induced injuries, 602-603 
Ibuprofen, usage, 555 
I KARA INOMAX DSIR, 346 
Immune system, maturation, 3 
Immunomodulators, 388-389 
pathology, 564-565 
pathophysiology, 564-565 
role, 564-565 
usage, 539 


Immunoreactive trypsinogen (IRT), 
measurement, 551-552 
Immunosuppressive regimens, 401-402 
Immunotherapy 
role, 540-541 
value, 541 

Impedance respiratory rate, 136 
Implantation, 13 
Impulse oscillometry (IOS), 77 
apparatus, components, 77f 
clinical highlight, 77b 
INCA prongs, 271-272 
Incentive spirometry, 213-214 
complications, 213 
contraindications, 213 
device, 213-214 
usage, 212f 
indications, 213, 213b 
problems, 213 
therapy, assessment, 214 
Indirect calorimetry, 144 
setups, 144f, 145f 
Indomethacin, usage, 27 
Inducible nitric oxide synthase (iNOS), 344 
Indwelling arterial line, usage, 12lf 
Inertial impaction, 166 
Inertial injuries, 590 
Infant Flow CPAP (IF-CPAP), 268 
availability, 274-275 
delivery, infants, 275-276 
low-pressure alarms, usage, 279 
pressure, consistency, 275 
system, fixation, 275f 
Infant Flow driver, 271-272 
example, 274f 

Infant Flow generator nasal interface device, 
275f 

Infant Flow nasal CPAP (IF-CPAP), 274-276 
Infant Flow sigh positive airway pressure 
(SiPAP), 280 
flow generator, 280f 

spontaneous breathing measurements, 28lf 
Infantile botulism, 636 
Infants 

acute respiratory disorders, NPPV treat¬ 
ment, 290b 

aerosol delivery device, selection, 179-180 
apnea, home monitoring, 497-498 
appearance, importance, 43 
B-CPAP, usage, 274 
breathing, disorders, 494-495 
bronchopulmonary dysplasia (BPD), care, 
422 

CDH, ECMO requirement, 260 
chest wall compliance, 198-199 
chronic lung disease pathogenesis, 
algorithm, 398f 
circuits, design, 362 
coarctation, chest radiograph, 477 
CPAP system, 268f 
ECMO circuits, 362 
ECMO support, 359 
elective tracheostomy, 233 
group B streptococcal pneumonia, 96f 
HFV, indication, 303 
HLHS, presentation, 478-479 
IF-CPAP delivery, 275-276 
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Infants (Continued) 

intraventricular hemorrhage, development, 
277 

intubated infants, deposition, 165-166 
lung fluid, reduction, 423 
meconium-stained amniotic fluid, in utero 
exposure, 44 
mortality, U.S. rates, 26t 
nasal bilevel positive airway pressure, 642f 
nonintubated infants 

aerosol administration, 165 
deposition, 165-166 
NPPV treatment, 288 
oxygen hood, 158f 

partial expiratory flow volume (PEFV) 
curve, generation, 68 
peripheral artery puncture, arterial sites 
(usage), 116f 

postural drainage positions, 200f 
PPHN, presence, 434 
pressure-volume loops, 332f 
prophylactic surfactant administration, 
risk, 414 

pulses, palpation, 48 
respiratory distress syndrome, 92f 
respiratory failure, 356-357 
skin, indications, 43-44 
skuils, bone structure, 59lf 
testing, 66 

valved holding chambers, impact, 176 
vital signs, assessment, 43 
weight-appropriate dosing, 164-165 
Infectious diseases, 23-24 
Infectious Disease Society of America, 388 
Inferior vena cava (IVC), 471 
Inflammatory-mediated capillary leak 
syndrome, 259-260 
Inflammatory mediators, 565 
generation, 562-563 
Inflection point 

lower level, 330-331 
upper level, 330-331 
Influenza virus, 522 
Information technology, 688 
Infrared spectroscopy, usage, 139 
Inhalational levofloxacin, 389-390 
Inhalation challenge agents, 78 
Inhalation injury, 104, 606-610 
airway maintenance, 608 
bronchial hygiene therapy, 608 
bronchoscopy, 607 

carbon monoxide (CO) poisoning, 606-607 
clinical manifestations, 607 
complications, 609-610 
conventional mechanical ventilation, 609 
early complications, 610 
evaluation, 607 

high-frequency percussive ventilation 
(HFPV), 609 

infectious complications, 610 
late complications, 610 
long-term outcomes, 610 
management, 607-609 
mechanical complications, 610 
mechanical ventilatory support, 609 
oxygen therapy, 608 
pathophysiology, 606-607 


Inhalation injury (Continued) 

pharmacological management, 608-609 
physiological consequences, 606b 
pulse oximetry measurement, 607 
racemic epinephrine, usage, 608 
spirometry, 607 
thermal/dye dilution, 607 
upper airway injury, 606 
xenon scan, 607 
Inhaled anesthetics (IAs) 
agents, comparison, 349t 
face mask, usage, 349-350 
mechanical ventilation, usage, 350 
usage, 349 

Inhaled antimicrobials, addition, 386 
Inhaled B 2 agonists, overuse, 374-375 
Inhaled bronchodilators, 375-376t 
Inhaled corticosteroids (ICS) 
effectiveness, 538 
effects, 380-381 
therapy, usage, 538-539 
Inhaled gas 
density, 185 

comparison, 347t 
humidification, 185 
viscosities, comparison, 347t 
Inhaled long-acting B 2 agonists (inhaled 
LABA), 377-378 

Inhaled nitric oxide (iNO), 344-345, 432 
half-life, 346 
therapy, 489 
usage, 355, 421 

Inhaled short-acting bronchodilators, usage, 180 
Inhalers 

adapters, 183-184 
nebulizers, differences, 186-187 
Inherited coagulation disorders, 443 
In-home caregivers, identification/education, 
660 

Initial mechanical ventilator settings, 313t 
Initial resuscitation, algorithm, 614f 
Injectate volume, usage, 127 
In-line continuous infant biood gas monitors, 
usage, 123 

INOMAX DSIR drug-delivery system, 346f 
Inotropic dysfunction, 581-582 
Inotropic infusions, 139 
Inotropy, 577 
INO vent, 436 
Insertion tube, 105-106 
Inspiratory flow rates, estimation, 158t 
Inspiratory loops, flow-volume loop, 71f 
Inspiratory muscles, 633 
Inspiratory positive airway pressure (IPAP), 293 
Inspiratory stridor, cause, 103 
Inspiratory time, 81-82, 320 
excess, 32lf 

high-frequency ventilation, 323-324 
Inspiratory to expiratory (I:E) ratio, 165 
low-frequency ventilation, 320 
Inspired nitric oxygen, analysis, 346 
Inspired oxygen 

automated regulation, 334 
determination, 152 
Institute of Medicine (IOM), 681 
Insufflator-exsufflator, 198 
Insulin, aerosol delivery, 189-190 


Intact ventricular septum, pulmonary atresia, 

485- 486 

Interalveolar pores of Kohn 
compensatory mechanism, 199 
location, 199f 
Intercostal retractions, 55f 
Intermittent mandatory ventilation (IMV), 308 
Intermittent NPPV, accomplishment, 295-296 
Intermittent positive-pressure breathing 
(IPPB), 214-216 
complications, 214-215, 215b 
contraindications, 214-215 
equipment, 215 
monitoring, 215 
indications, 214-215 
therapy 

administration, illustration, 214f 
assessment, 215-216 
effectiveness, 216 

treatment, documentation, 215-216 
Internal benchmarking, 683-684 
importance, 684 
Intimal mounds, 18 

Intracapillary hydrostatic pressures, 623 
Intracardiac pressures, direct measurements, 

486- 487 

Intracranial hemorrhage (ICH), 367 
Intracranial hypertension, control strategies, 
615b 

Intracranial pressure (ICP) 

corticosteroids, usage, 594-595 
decrease, 615 
effects, 592 
head elevation, 594 
hypothermia, 595 
increase, 593-594 
monitoring, 594 
osmotic diuretics, 594 
pentobarbital coma, 595 
treatment, 594-596 
ventilatory maneuvers, 595 
Intraluminal obstruction, 513-514 
Intraoperative bladder/bowel injuries, 32 
Intrapartum monitoring, 32-33 
Intrapartum nasopharyngeal/oropharyngeal 
suctioning, 431 
Intrapleural air, detection, 440 
Intrapulmonary percussive ventilation (IPV), 
198,216 

clinical highlight, 216b 
contraindications, 216 
indications/complications, 216 
option, 640 
therapy 

assessment, 216 
effectiveness, 216 
treatment, documentation, 216 
Intrapulmonary shunting, 310 
Intrathoracic central airway obstruction, 57 
Intratracheal suctioning, 431 
Intrauterine growth curves, usage, 43 
Intrauterine growth restriction (IUGR), 24 
Intrauterine life, transition, 22 
Intravascular pressure, measurement, 486 
Intravascular volume, indication, 43-44 
Intraventricular hemorrhage (IVH), 26 
development, 277 
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Intubated infants, deposition, 165-166 
Intubation, 222-225 

artificial airway cuff management, 229 
blind nasal intubation, 228 
complications, 229 
cuffed/uncuffed tubes, 224 
differences, 228 
emergency tracheotomy, 228 
endotracheal tubes, 223-224 
epiglottis, emergency, 228-229 
equipment, 223-225 
indications, 223, 613 
laryngeal mask airway (LMA), 224-225 
laryngoscopic blades/handles, 224 
laryngotracheal stenosis, 229 
nasotracheal intubation, 228 
orotracheal intubation, 226-227 
patient monitoring, 229 
procedure, 225-229 
suction equipment, 225 
usage, 545 

Intubation-surfactant-extubation (INSURE) 
failure, risk factors, 255-256 
Invasive biood gas analysis, pain control, 115 
Investigational agents, 389-390 
Ipratropium (Atrovent) 
administration, 180 
adverse events, 379 
availability, 379 

Ipratropium bromide (Atrovent), 379 
benefit, absence, 519-520 
dosage/administration, 379 
Isoproterenol (Isuprel), 378 

j 

Jerry Lewis Muscular Dystrophy Association 
clinics, survey, 643 

Jet-engine aircraft, transportation ability, 642f 
Jet nebulizer 

Albuterol administration, 182 
experimental setup, 184f 
Jet pneumatic nebulizer, 168 
Jeune syndrome (asphyxiating thoracic 
dystrophy), 460 

Joint Commission on the Accreditation of 

Healthcare Organizations (JCAHO), error 
review, 683 
Joint contractures, 50 
Just culture, 682-683 
Juvenile myasthenia, 636 

K 

Kaiser Healthcare, 693 
Kaizen, 689-690 
Kartagener syndrome, 520-521 
Katie Beckett wavier, 659 
Ketamine, 385-386 
action, mechanism, 385 
adverse events, 386 
dosage/administration, 386 
therapy, placement, 385-386 
Kidney transplantation, patient survival, 

401f 

Kidney transplants, volume, 399f 
Klippel-Feil syndrome, 228 
Kugelberg-Welander disease, 635 
Kyphoscoliosis, 460 
Kyphosis, 55 


L 

Laboratory 

assessment (neonates), 58-59 
evaluation, 59b 

pediatric pulmonary function testing, 

69-81 

Labor, progression (failure), 32 
Lamellar bodies, 4 
Lamellar inclusion bodies, 248f 
Lancet, position, 119 
Lanugo, presence, 43 
Laplace, Pierre Simon, 245-246 
Large-volume nebulizer (LVN), 170 
usage, caution, 170 
Laryngeal edema, 51 

Laryngeal elevation (reduction), tracheostomy 
(impact), 236 

Laryngeal mask airway (LMA), 105 
intubation use, 224-225 
photograph, 225f 
placement, 225 
size, weight basis, 225 1 
Laryngeal webs, 103 
Laryngomalacia, 103 
Laryngoscopic blades, availability, 224 
Laryngospasm, 51 
complication, 110 

Laryngotracheal reconstruction (LTR), 
238-239 

single-stage technique, 238-239 
Laryngotracheal stenosis, intubation 
requirement, 229 

Laryngotracheobronchitis (croup) (LTB), 93, 
506,511-512 

adrenocorticosteroid therapy, 
recommendations, 512 
anteroposterior neck radiograph, 512f 
case study, 512b 
croup scoring system, 51 lt 
diagnosis, 511 
differential diagnosis, 510t 
etiology, 511 
incidence, 511 
severity, estimation, 511 
signs/symptoms, 511 
treatment, 511-512 
viral infection, 511 
Laryngotracheoplasty 

anteriorly placed costal cartilage graft, 
usage, 238f 

posteriorly placed costal cartilage graft, 
usage, 238f 

Late decelerations, uteroplacental 
insufficiency (impact), 33f 
Late gestation, clinical relevance, 8 
Lateral folds, fusion (failure), 465 
Lavage solution, instilling (controversy), 

240 

Leadership, 682-683 
Lean methodology, 689 
Lean production, 689 
Lecithin-to-sphingomyelin ratio (L:S), 

412 

Left hemidiaphragm (elevation), left upper 
lobe collapse (impact), 97f 
Left hemithorax, cysts (presence), 97f 
Left lobe (elevation), pneumomediastinum 
(impact), 95f 


Left lower lobe 
atelectasis, 97-98 

pneumonia, diaphragm (relationship), 
91f 

round pneumonia, 98f 
Left lung 
division, 91 

pulmonary interstitial emphysema, 96f 
Left pneumothorax, appearance, 95f 
Left-sided brachial congenital lobar 
emphysema, radiograph, 464f 
Left-sided brachial plexus, 45f 
Left-sided cardiac structures, development 
(abnormality), 478 
Left-sided CDH, radiograph, 458f 
Left-to-right shunt, 48 

echocardiographic evidence, 443 
involvement, 481-482 
Left-to-right shunting, 472 
Left upper lobe, collapse, 97f 
Left ventricular (LV) dysfunction, 435 
Left ventricular outflow tract (LVOT) 
obstruction, 476-481 
Lethargy, coma (relationship), 596-597 
Leukocytosis, 58 
Leukopenia, 58 

Leukotriene modifiers, 381-383 
action, mechanism, 381-382 
therapy, placement, 382 
usage, 539 

Leukotriene-modifying agents, 382t 
Leukotriene receptor antagonists, usage, 
382 

Levalbuterol (Xopenex), 376-377 
supply, 377 

LifePort ETT adapter, 305f 
Light-emitting diodes (LEDs) 
alignment, 137f 
function, 137 

Light source connector, 106 
Limbs, positioning (abnormality), 50 
Lines, positioning, 92 
Liposomal amikacin, 389 
Liquid-filled lung, pressure-volume 
relationship, 246f 

Liquid oxygen (LOX) system, 663, 663f 
Listeria monocytogenes, 23-24 
Liver transplants 

patient survival, 40lf 
Liver transplants, volume, 399f 
Living donor lobar donation (LDLT), usage, 
399 

Lobar atelectasis, 98-99 
Long-acting B 2 agonists (LABA), 377-378 
action, duration, 377 
adverse reactions, 377 
usage, 538-539 

Long-term NPPV treatment, 291b 
Low-birth-weight (LBW) infants 
neonatal pneumonia, 426 
postnatal lung development, 269 
Lower airway, 506-507 
disorders, 513-521 
Lower inflection point, 565 
Low-flow flow meters, 151-152 
Low frequency, initiation, 331-332 
Low-frequency mechanical ventilation, 
monitoring, 329-331 
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Low-frequency ventilation (LFV), 301, 307-310 
adaptive control, 308-309 
advancing concepts, 334-335 
assist/control (A/C) mode, 307-308 
control mode, 307 

flow/pressure waveform patterns, 311 
gas transport/exchange, 310 
HFV, contrast, 315 
machine volume, 308-309 
management, 312-313 
oxygenation, manipulation, 320-322 
setup, 312-313 

triggering/synchronization, 311-312 
usage, 333-334 

ventilation, manipulation, 317-318 
volume guarantee (VG), 309 
Low tidal volume ventilation, 566-567 
Low-volume strategy, 315-316 
Lung 

parenchyma injury, 606 
Lung bud anomalies, 460-465 
clinical correlation, 461-462 
distress, 462 
incidence, 461 
Lung compliance (C), 66, 82 
decrease, 69, 83f 

increase, surfactant (impact), 246-247 
Lung development 
alteration, example, 7 
alveolar phase, 4-6 

double capillary network, 5f 
thin-walled alveoli, presence, 5f 
canalicular phase, 3-4 

terminal bronchiole, location, 4f 
embryonal stage, 3f 
phases, 2-6 

pseudoglandular phase, 2-3 
saccular phase, 4 

secondary crests, division, 5f 
Lung-protective ventilator strategies, 421 
Lungs 

abnormal development, 7 
abscess, ACT (usage), 211 
acute lung injury, surfactant dysfunction, 
251-252 

complications, 443 
compression, 7 
cystic appearance, 96 
density, 91-92 

developmental anatomy, 46lf 
division, 91 

drugs, deposition (percentage), 164f 
fetal lung maturity testing, 251, 25 lt 
function 

improvement, CPAP (impact), 270 
survey, 65 

gas-exchanging part, 2 
growth 

alteration, 7 

diminishment, clinical factors, 6-7 
hypoinflation, 95f 

hypoxia/hyperoxia-induced lung injury, 

417 

inflation, 66 
liquid, removal, 8 

mechanics, measurements (requirements), 
212 

overdistention, 83, 309 


Lungs (Continued) 

oxygen inhalation, concentration (variation), 
152 

structural development, 7 
transplantation, 400-401 
cystic fibrosis, 555 
deaths, result, 401 
primary diseases, frequency, 40 lf 
transplants 

relative volume, 398f 
respiratory complications, 402 
volume, 399f 
type II cell, 248f 
Lung volumes, 75-77 
estimation, 330-331 
expiratory frontal chest radiograph, 89f 
illustration, 205f 
measurements, 75, 639 
radiographic assessment, 333 
subdivisions, 76f 
Lymphatics, appearance, 3 

M 

Machine volume (MV), 308-309 
Macintosh blade (curved blade), 224 
Macroglossia, 455-456 
treatment, 456 
Macrolide antibiotics, 555 
Macrosomia, 22-23 
impact, 424 

Magnesium biood level, assessment, 27 
Magnesium sulfate, 384 
action, mechanism, 384 
adverse events, 384 
dosage/administration, 384 
therapy, placement, 384 
Mainstem bronchi, evaluation, 92 
Mainstream airway adapter, location, 140f 
Mainstream capnography, 139-140 
Major bronchi, obstruction, 513-514 
Major fissures (oblique fissures), 91 
Maladaptation, 434 
Males, infertility, 549 
Malpresentation, 32 
Mammalian surfactant, primary role, 8 
Mandibular hypoplasia, 456 
Mannitol (inhalation challenge agents), 78 
Mantoux tuberculin skin test, induration 
(cutoff size), 526b 

Manually assisted coughing (MAC), 640 
Manual rib cage compression (MRCC), 204-205 
Marfan syndrome, 459 
Mass effect, 89 

Mass median aerodynamic diameter (MMAD), 
164 

alteration, absence, 170 
increase, 166 
Mast cell stabilizers, 384 
Maternal biood loss, risk (increase), 32 
Maternal chorioamnionitis, management, 427 
Maternal disorders, 22-24 
Maternal-fetal gas exchange, 13 
Maternal glycemic control, 22-23 
Maternal immunization, impact, 427 
Maxair Autohaler, 175 
Maximal expiratory flow 
Identification, 69f 
test, 68 


Maximal expiratory pressure (MEP), 65-66 
measurement, 68-69 

Maximal inspiratory pressure (MIP), 65-66, 84 
Mean airway pressure, 319-320 
control variables, alteration, 320f 
high-frequency ventilation, 323 
minimization, 592 

Mean arterial pressure (MAP), calculation, 
122-123 

Mean arterial-to-alveolar oxygen tension ratio, 
315f, 333f 

Mean biood pressure (MBP), calculation, 48 
Mean lung volume (MLV) 
determination, 313-314 
optimum, achievement, 315-316 
oxygenation, relationship, 322f 
Mechanical circulatory support devices, 
development, 357 
Mechanical cough assist, 64lf 
Mechanical dead space, 324 
Mechanically ventilated patients, 348-349 
treatment 

nebulizers, usage, 187b 
pMDIs, usage, 187b 
Mechanical ventilation (MV), 181-186 
adaptive control, 308 
advancing concepts, 334-335 
aerosol delivery/deposition, variables, 182b 
aerosol particle size, 184-185 
airway, relationship, 183 
BPD, 422-423 

cardiovascular complications, 328 
case study, 306b 
clinical indications, 302b 
complications, 326-329, 327b 
controlled mechanical ventilation (CMV), 

181 

conventional mechanical ventilation 
(CMV), 354, 609 
endotracheal tube (ETT), 185 
environment, 183 
heating/humidification, 185 
home mechanical ventilation, problems, 

674b 

indications, 302-303 
indirect calorimeter, setup, 144f 
inhaled gas, density, 185 
inhaler adapters, 183-184 
initiation, 312-313 
low frequency, 331-333 
metered dose inhaler (MDI), in-line use, 182f 
modes, 307-310 
nebulizer, placement, 183 
neonatal/pediatric mechanical ventilation, 
monitoring application, 329b 
oxygen toxicity, 328 
physiological indications, 302 
response assessment, 183 
synchronized intermittent mandatory 
ventilation (SIMV), 308 
techniques, 310 

implementation, clinical protocols, 312- 
313 

troubleshooting, 333-334 
types, 303-307 
usage, 350 

ventilator mode/settings, 185 
weaning, 331-333 
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Mechanical ventilator CPAP, 273 
low-pressure alarms, usage, 279 
Mechanical ventilators 

initial mechanical ventilator settings, 313t 
synchronizing systems, 312t 
Mechanical ventilatory support, 641-643 
Mechanism of injury (MOI), 588 
Meconium 
aspiration, 28 
appearance, 96f 
aspirator, 42f 
characteristics, 429 
passage in utero, 35 
commonness, 28 
staining 

occurrence, 95-96 
recommendation, 42 
suction, 42 

Meconium aspiration syndrome (MAS), 
258-259, 429-433, 443 
amnioinfusion, 431 
clinical presentation, 430-431 
complications, 432-433 
increase, 433 
definition, 429 
diagnosis, 430-431 

dilute surfactant lavage, usage, 199-200 
endotracheal intubation, 431 
etiology, 429 

extracorporeal membrane oxygenation, 432 
gastric suctioning, 431-432 
high-frequency ventilation, 432 
incidence, 429 

inhaled nitric oxide, usage, 432 
intrapartum nasopharyngeal/oropharyngeal 
suctioning, 431 
intratracheal suctioning, 431 
investigations, 430-431 
mechanical ventilation, 432 
pathophysiology, 429 
flowchart, 43 Of 
prevention, 431-432 
prognosis, 432-433 
steroid therapy, 432 
supplemental oxygen therapy, 432 
surfactant inactivation, mechanisms, 258 
surfactant replacement therapy, efficacy, 

258 

surfactant therapy, 432 
therapies, 432 
treatment, 432 
Meconium ileus, 556 

Meconium-stained amniotic fluid, in utero 
exposure, 44 
Mediastinum, 90-91 
Medical gas supply, 637-638 
Medical history (MH), 52, 53 
Medication 

administration, pMDI (usage), 186 
delivery, humidity (impact), 167 
waste, continuous aerosol generation 
(impact), 168 
Medijet prongs, 271-272 
Membrane function, evaluation, 363 
Membrane oxygenator 
diagram, 36lf 
schematic drawing, 36lf 


Membrane oxygenator, development, 354 
Meningitis, 583-584 
complications, 584 
considerations, 583-584 
definition/classification, 583 
laboratory testing, 584 
management, 583-584 
pathophysiology, 583 
treatment, 583-584 
viral meningitis, 583 
Mesenchymal stem cells (MSCs), 421 
Mesenchyme (extracellular matrix), thinning, 4 
Mesoderm, 13 

Metabolic abnormalities, variety, 7 
Metabolic acidosis, causes, 129b 
Metabolic alkalosis, causes, 129b 
Metabolic rate, increase, 605 
Metabolic response (shock), 579 
Metered-dose inhaler (MDI) 

Albuterol administration, 166f 
holding chambers, 175f 
in-line usage, 182f 
Methacholine 
challenge, 537 

inhalation challenge agents, 78 
clinical highlight, 78b 
Methemoglobin, 131, 346 
Methicillin-resistant S. aureus (MRSA), 

659 

prevalence, 552 
Methylxanthines, 383-384 
usage, 421, 539 
Microcuff ETT, 325-326 
Micrognathia, 50, 456, 500 
treatment, 456 
Microporous membrane, 361 
composition, 361 
oxygenator, diagram, 36lf 
Micropressor ventilators, usage, 304 
Microstomia, 50 
Midbrain damage, 597 
Mid-frequency positive pressure ventilation 
(MFPV), 305 

Midtrachea, ETT position, 226 
Miller blade (straight blade), 224 
usage, 225f 

MiniHEART nebulizer, 168, 180-181 
Minimum inhibitory concentration (MIC), 

386 

Minor fissure (horizontal fissure), 91 
thymus, relationship, 91f 
Minute ventilation (Ve), 65-66, 81 
impact, 317 
increase, 317 

Modified Allen’s test, 116-117 
passive method, 116-117 
performing, 115-116 
Modified Blalock-Taussig (BT) shunt, 479 
Mongolian spot, 46f 
Montekulast (Singulair), 383 
adverse events, 383 
availability, 383 
dosage/administration, 383 
Montreal Protocol on Substances that Deplete 
the Ozone Layer, 167-168 
Morbid obesity, NPPV (impact), 291-292 
Moro reflex, photograph, 52f 


Mortality rates 

premature mortality rates, 688 
thirty-day mortality rates, 688 
Motor nerves, disorders, 635-636 
Mottling, 44 
Mouth breathing, 500 
Mouthpiece ventilation, example, 642f 
Mucin, antibiotic diffusion barrier, 167 
Mucoactive agents, aerosol delivery, 188 
Mucociliary clearance, variation, 552 
Mucolytic agents, 384-385 
usage, 384, 554 
Mucus 

clearance, facilitation, 640 
production, 552 
Muir, David, 670 

Multifetal pregnancy, diagnosis, 29 
Multilocular cyst, 462 
Multiple organ failure (MOF), sepsis 
syndrome, 564 

Muscle activity, electromyographic (EMG) 
signal (recording), 329f 
Muscularization, excess, 434 
Musculoskeletal system (neonates), 50-51 
Mustard operation, 485 
Mustard procedure, 485f 
Myasthenia gravis, 27, 636 
Mycobdcterium tuberculosis , 108 
Mycoplasma pneumonide, 524-525 
incubation period, 524 
Mycopldsmd presentation, 98 
Myelomeningoceles, 50 

sac, intactness/rupture, 51f 
Myocardial function, 581-582 
Myopathies, 637-638 
Myotonic dystrophies, 637 

N 

IV-acetylcysteine (Mucomyst), direct 
instillation, 104-105 

IV-acetylcysteine (NAC) (Mucomyst), 384-385 
action, mechanism, 384 
dosage/administration/adverse events, 
384-385 

therapy, placement, 384 
Nasal cannula, 150-153 
application, 151 
blenders, 151-152 

Fi 02 , estimation (regression equation), 
152b 

hazards/complications, 152-153 
high-flow nasal cannula, 156 
humidified high-flow nasal cannula 
(HHFNC), 156 

indications/contraindications, 151 
inspired oxygen determination, 152 
low-flow flow meters, 151-152 
neonatal nasal cannula, example, 15 lf 
oxygen delivery, measurement, 152 
prongs, usage problems, 153 
Nasal congestion, RSV symptoms, 522 
Nasal CPAP 

devices, dimensions, 272t 
short-term nasal CPAP, impact, 271f 
usage, 270 
Nasal flaring, 55 
occurrence, 46 
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Nasal intermittent positive-pressure 
ventilation (NIPPV), 421 
Nasal intubation, oral intubation 
(differences), 228 
Nasal mask ventilation, 230 
Nasal mucosal edema, 500 
Nasal septal deviation, 500 
Nasal transepithelial potential difference, 551 
Nasogastric tube 
placement, 602 
usage, 310, 312 

Nasopharyngeal airway obstruction, 57 
Nasopharyngeal dead space, washout, 156-157 
Nasopharyngoscopy 

therapeutic bronchoscopy, 104-105 
Nasopharynx, adenoids (relationship), 92 
Nasotracheal intubation, 228 
Nasotracheal suction, 240 
National Association of Children’s Hospitals 
and Related Institutions (NACHRI), 684 
National Asthma Education and Prevention 
Program (NAEPP) Guidelines (Report 3), 
535 

objectives, 542 
purpose, 535 

National Institute of Child Health and 
Human Development (NICHD) 

Neonatal Research NetWork, 409 
National Institute of Child Health and 
Human Development (NIHCD) 

Neonatal Research NetWork trial, 421 
NCPAP weaning, 279-280 
Near-drowning, 610-611 
Near misses, 683 

Nebulization therapy, impact, 169f 
Nebulized racemic epinephrine, usage, 512 
Nebulized recombinant human DNase 
(Pulmozyme), 521 
Nebulizers 

breath-enhanced nebulizers, impact, 168 
care, 187 

cleaning/disinfection (home use), 173b 
inhalers, differences, 186-187 
jet pneumatic nebulizers, 168 
large-volume nebulizer (LVN), 170 
performance, assessment, 165f 
placement, 183 
impact, 184f 

pneumatic nebulizers, 168-170 
selection, impact, 168 
small-volume nebulizer (SVN), 168 
type/bias flow, impact, 184f 
ultrasonic nebulizer (USN), 168, 171-172 
usage, 187b 

co mparison, 179t 
technique, 173b 

vibrating mesh nebulizer (VMN), 168, 
172-173 

Necrotizing enterocolitis (NEC), 26, 406, 
466-467 

postmortem examination, 466f 
Necrotizing pneumonia, impact (chest 
radiograph), 627f 
Nedocromil, usage, 539 
Negative inspiratory force (NIF), 83 
Negative pressure-assisted ventilation, 294-295 
Negligence, 681 


NeoBar, example, 227f 
Neocortical death, term (usage), 597-598 
NeoHold cannula/tubing holder, 15 lf 
Neonatal apnea, 436-438 
classification, 437 
clinical presentation, 437-438 
complications, 438 
CPAP, 438 
definitions, 436-437 
diagnosis, 437-438 
discharge planning, 438 
doxapram, 438 
etiology, 437 
follow-up, 438 
incidence, 437 
measures, 438 
mechanical ventilation, 438 
pathophysiology, 437 
pharmacotherapy, 438 
prognosis, 438 
treatment, 438 

xanthine derivates (caffeine/theophylline), 438 
Neonatal depression risk, increase (factors), 41b 
Neonatal disorders, respiratory distress, 398t 
Neonatal hypoxemic respiratory failure, 
355-356 

selection criteria, 355-356 
trajectory, 355 

Neonatal Inhaled Nitric Oxide Study 
(NINOS) trial, 345 
Neonatal intensive care unit (NICU) 
nosocomial infection, prevention 
(principles), 428b 

ventilatory support/admission, 413 
Neonatal mechanical ventilation, monitoring 
applications, 329b 

Neonatal nasal cannula, example, 15 lf 
Neonatal patients, high-frequency ventilation, 
302-303 

Neonatal pneumomediastinum, 44lf 
Neonatal pneumonia, 425-429 

ascending ver tical transmission, 426 

causative organisms, 425-426 

chest x-ray (CXR), presentation, 427 

clinical presentation, 426-427 

clinical signs, nonspecific nature, 426-427 

complications, 428-429 

diagnosis, 426-427 

early-onset infections, 426 

etiology, 425-426 

extracorporeal membrane oxygenation, 428 
incidence, 425 

intrauterine (transplacental) mode, 426 
late-onset infections, development, 426 
nosocomial infection, prevention, 427 
pathophysiology, 425-426 
pharmacotherapy, 427-428 
prevention, 427 
prognosis, 428-429 
respiratory support, 428 
risk factors, 426 
transmission, modes, 426 
treatment, 427-428 
Neonatal pneumopericardium, 439 
Neonatal pulmonary disorders 
case studies, 445b 

respiratory distress syndrome, 402-403 


Neonatal RDS, surfactant usage (guidelines), 
414b 

Neonatal resuscitation program guidelines, 
pediatric endotracheal tube size, 224t 
Neonates 
abdomen, 49 

aerosol particle deposition, rate/depth 
(reduction), 164b 
airway, clearance, 41-42 
Apgar score, 42-43 
auscultation, 56-57 
cardiovascular system, 48-49 
chest system, 48-49 
complaint, 52 
CPAP 

consideration, 269-270 
usage, 267-268 
crying, 51 

dermal findings, 46 1 
drying/warming, 41 
ECMO, usage (summary), 355t 
extremities, 50-51 
eyes, characteristics, 50 
gestational age/size assessment, 43 
grunting, 46 
head, 49-50 

high-frequency ventilation, 302-303 
in-line monitors, clinical trials, 123 
inspection, 43-44, 54-55 
inspiratory stridor, 103 
laboratory assessment, 58-59 
laboratory values, 59t 
medication delivery, 164-165 
musculoskeletal system, 50-51 
nasal flaring, occurrence, 46 
neck, 49-50 

neurological assessment, 51 
nonpulmonary examination, 57-58 
percussion, 56 
physical examination, 43-51 
pneumothorax, causes, 627b 
pulmonary examination, 53-57 
pulmonary function testing, 66-69 
reflexes, presence, 51 
respiratory distress, signs, 47t 
respiratory function, 44-48 
SDB risk, increase, 494 
spine, 50-51 

spontaneous pneumothorax, 439 
stabilization, 41-43 
stimulation, provision, 42 
symptoms, recurrence/seasonality, 52 
vital signs, 43 
vital signs, values, 45 1 
weaning techniques, 332 
Nerve injury, 598 

Neurally adjusted ventilatory assist (NAVA), 310 
nasogastric tube, usage, 312 
Neurological assessment (neonates), 51 
Neurological disorders, nonrespiratory care, 
643 

Neuromuscular diseases 
impact, 634-638 

pulmonary function testing, 638-639 
respiratory care, 639-643 
respiratory evaluation, 638-639 
usage, 211 
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Neuromuscular injury, ACT (usage), 211 
Neuromuscular junction, disorders, 636-637 
Newborns 

auscultation, 48 
breathing, mechanics, 66 
care, preparations, 34 
case study, 36 

chest compressions, provision, 35 
cystic fibrosis screening, 551-552 
delivery environment, Guidelines for 
Perinatal Care, 34 
ECMO, contraindications, 356 
extrauterine life, transition (success), 35 
hypoxic respiratory failure, 345 
ECMO selection criteria, 356b 
left-sided brachial congenital lobar 
emphysema, radiograph, 464f 
MAS/PPHN, ECMO case, 365 
PPHN, factors, 433b 
reflexes, presence, 51 
respiratory distress, 94-96, 94b 
thermal management, 35 
tidal volume, 164 
trachea/bronchi, vulnerability, 203 
transient tachypnea, 32 
white biood cell (WBC) count, 58 
New bronchopulmonary dysplasia, 416 
mechanical ventilation/oxygen, 
requirement, 420 
New patient history, 52 
components, 53b 
Nitric oxide (NO), 343-346 

action, physiological basis, 343-345 
acute respiratory distress syndrome 
(ARDS), relationship, 345 
application, 345-346 
decrease, 346 

endogenous production, organs/cells 
(involvement), 344b 
exhalation, 80-81 

inhaled nitric oxide (iNO), 344-345 
newborn hypoxic respiratory failure, 
relationship, 345 
pulmonary vasodilator, 459 
signaling pathways, 434f 
synthases, pulmonary vascular expression 
(increase), 434 
usage, 639 

vasodilator effects, comparison, 345f 
Nitric oxide syn thase (NOS), 344 
amino acids, combination, 344 
endothelial NOS (eNOS), 344 
inducible NOS (iNOS), 344 
Nitrogen dioxide (N0 2 ), 346 
Nitrogen multiple breath washout technique, 331 
Nitrogen washout method, 75 
sealed face mask, usage, 68 
Nitrous oxide (N 2 0), 343 
No. 8 French catheter, usage, 455 
Nocturnal ventilation, 641-642 
improvement, 641-642 
Nonaccidental trauma (NAT), 591 
Nonintubated children, aerosol administration, 
165 

Nonintubated infants 

aerosol administration, 165 
deposition, 165-166 


Nonintubated pediatric patients, transnasal 
approach, 109 

Noninvasive biood pressure, 136-137 
Noninvasive cardiac output monitor, usage, 
127 

Noninvasive mechanical ventilation, 
definitions, 288 

Noninvasive monitoring, fundamental 
monitoring, 136-137 

Noninvasive positive airway pressure (NPAP), 
288 

Noninvasive positive-pressure ventilation 
(NPPV), 288 

acute respiratory distress, 290 
adjustment, 293-295 
guidance, 293-294 
application, 289 

chronic disorders, guidance, 291 
chronic respiratory failure, 290-291 
clinical highlight, 296-297b 
complications, 296 

promotion, factors, 296t 
contraindications, 296 
initiation, factors, 288 
interface selection/fit, 295 
intermittent NPPV, accomplishment, 
295-296 

long-term NPPV treatment, 291b 
modes, 293-294, 293b 
morbid obesity, 291-292 
objectives, 288-289 

obstructive sleep apnea syndrome (OSAS), 
291-292 

patient, monitoring, 295-296 
pressure adjustments, 294b 
treatments, 288, 290-292 
interface selection, 295b 
ventilator circuit, monitoring, 295-296 
Noninvasive pressure, description (terms), 268b 
Noninvasive ventilation, 641 

clinical effectiveness, determination 
(methods), 294t 
future, 296-297 
objectives, 289b 

positive-pressure devices, usage, 292-293 
purpose/definitions, 288b 
Non-Microcuff ETT, 325-326 
Nonocclusive devices, 360 
Nonpulmonary examination, 57b 
Nonpulmonary surfactant-associated alveolar 
proteins, host defense importance, 250 
Non-rapid eye movement (NREM) sleep, 
493-494 

Nonreassuring fetal status, 32 
Nonrebreathing mask, 154 
Nonrespiratory care, 643 
Nonselective agents, 378 
Nonstress test (NST), 29-30 
reactive NST, 30 

recording (production), cardiotocograph 
(usage), 31f 

Nonviral vectors, study, 189 
Northing per os (NPO), 425 
Norwood procedure, 428, 479 
illustration, 480f 

Nosocomial infection, prevention, 427 
Nuclear reactor significant events, 686f 


o 

Obligate carrier, 550 
Oblique fissures (major fissures), 91 
Obstructive apnea, 509 
Obstructive shock, 574 
Obstructive sleep apnea (OSA), 498-500 
childhood syndrome, 499 
clinical symptoms, 500b 
features, 499t 

predisposition, conditions, 498b 
Obstructive sleep apnea syndrome (OSAS), 
NPPV (impact), 291-292 
Ocular myasthenia, 636 
Oligohydramnios, 6-7 

congenital anomalies, association, 25-26 
pulmonary hypoplasia, occurrence, 7 
Omalizumab (Xolair), 389 
adverse events, 389 
mechanism, 389 
therapy, placement, 389 
Omphalocele, 49, 465-466 
photograph, 49f 
presentation, 465f 
Ondine’s curse, 634 
Open lung strategy, 565 
Open system suctioning, closed system 
suctioning (differences), 326 
Oral cavity, examination, 50 
Oral glucose tolerance testing, usage, 23 1 
Oral intubation, nasal intubation 
(differences), 228 

Oral tocolytics, prophylactic use, 27 
Organs 

perfusion, 364 
rejection, 403 

systems, developmental abnormalities, 6 
Organ Transplantation Breakthrough 
Collaborative, formation, 398 
Orogastric tube, placement, 459 
Oropharyngeal airway obstruction, 57 
Oropharyngeal candidiasis, 381 
Oropharyngeal organisms, microaspiration, 
525 

Oropharyngeal suctioning, 431 

Orotracheal intubation, 226-227 

Oscillatory amplitude, 319 

Osler, Wiliam, 493 

Osmotic diuretics, 594 

Out-of-hospital pediatric cardiac arrest, 612 

Overdistended lung, pressure (application), 83 

Overdistention 

demonstration, pressure-volume loops 
(usage), 83f 
impact, 327 
Oxygen 

analysis, measurement, 638 
blenders, 152 

system, oxygen premix, 158 
box, usage, 148 
caregiver education, 650-651 
concentrators, 663-664 
dual flow meters, 664f 
example, 664f 

low-range flow meter, close-up view, 664f 
consumption 
formulas, 578b 
measure, 578-579 
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Oxygen (Continued) 

content, formulas, 578b 
cylinders, 650-651 
detrimental effects, resistance, 418 
fixed-performance oxygen delivery systems, 
154-159 

flow, meters, 348 

high levels, exposure (prolongation), 
319-320 

home therapy, 648 

inhalation, concentration (variation), 152 
inspired oxygen determination, 152 
monitoring, 665 
monitors 

built-in algorithms, 666 
placement, 650-651 
premix, blender system (usage), 158 
role, 150 
saturation, 415 
simple oxygen mask, 153 
supplemental oxygen therapy, usage, 432 
systems, types, 663 

tension/saturation, measurement, 149 
therapy, 415, 663-664 
case study, 159b 
toxicity, 328 

variable-performance oxygen delivery 
systems, 150-154 
Oxygen administration, 150-159 
complications, 149-150 
goal, 148-149 
indications, 149 
tent house, usage, 159f 
Oxygenated biood, travel, 15 
Oxygenation, 129-130 
BPD, 422 

determination, noninvasive methods, 

329 

manipulation, 319-324 
mean lung volume, relationship, 322f 
Oxygenation index (OI), 355, 436 
ARDS, clinical setting, 562 
Oxygen concentration 
decrease, 346 
increase, impact, 150 
low level, requirement, 159f 
Oxygen consumption (VO 2 ), 143 
Oxygen delivery, 577-578 
components, 13 lf 
dependence, 578 
formulas, 578b 
measurement, 152 
provision, 357 
Oxygen hood, 157-159 
application, 158-159 
gas delivery, 158f 
hazards/complications, 159 
indications/contraindications, 158 
Oxyhemoglobin dissociation curve, 130f 
description, 137 
factors, 130t 
Oxytocin, infusion, 29 

p 

PACS. See Picture-archiving and communica- 
tion system 
Pain control, 115 


Palivizumab (Synagis), 388-389 
adverse events, 388-389 
mechanism, 388-389 
therapy, placement, 388-389 
Palliative pulmonary artery banding, 
performing, 484 
Pancreas, failure, 556 
Pancreatic insufficiency, 549, 556 
Panting, 76f 
Papilledema, 593 
Papillomatosis, 103 
Paradoxical breathing, 149 
Parainfluenza virus, types 1/2/3, 522 
Parapneumonic effusion, 625-626 
Parapneumonic pleural effusions, causative 
organisms, 625b 

Parasympathetic mechanisms, impact, 379f 
PARC LC Star, 165 
Parenchymal disease, 69 
Parenchymal opacification, 98 
Parenteral epinephrine, 378 
Parietal pleura, 623 

Partial expiratory flow volume (PEFV) curve 
generation, 68 

maximal expiratory flow, Identification, 69f 
Partial pressure of carbon dioxide in arterial 
biood (PaC0 2 ), 269-270 
monitoring, 321 

Partial pressure of oxygen (Pxc0 2 ), 142 
Partial pressure of oxygen in arterial biood 
(Pa0 2 ), 268 
gradient, 435 

Partial-rebreathing mask, 154 
example, 154f 

Partial thromboplastin times (PTT), elevation, 
580 
Particles 

fine particle mass, delivery, 177f 
size/concentration, humidity/temperature 
(impact), 168 

size distribution/output, gas pressure/flow 
(impact), 169-170 
Particles, deposition, 166-167 

diffusion (Brownian motion), 166-167 
inertial impaction, usage, 166 
Particulate matter, air trapping, 429f 
Passive (static) mesh nebulizers, 172 
Passy-Muir tracheostomy swallowing and 
speaking valve (PMV), 670 
Patch aortoplasty, 477-478 
Patent ductus arteriosus (PDA), 48,419,472-473 
clinical signs, 473 

management, medical/surgical options, 473 
prevention, 444 

pulmonary artery, aorta (communication), 
473f 

right-to-left shunting, 412 
superimposition, 95 
usage, 138 

Patent upper airway, 270f 
Patients 

assessment, 638-639, 681-682 
care, 325-326 
positioning, 325 

follow-up/established history, 52 
interface device, 271 

NPPV treatment, interface selection, 295b 


Patients (Continued) 
paralysis, 142 
position, 89 
positioning, 325t 
safety, 693 

improvement, 681 
spontaneous effort, 320 
stabilization, 638-639 
triggering, 311-312 
ventilator 

interface, 324 
synchrony, 320 

Patient-triggered ventilation, impact, 441 
Paw 

creation/maintenance, methods (usage), 322 
decrease, 592 
estimation, 320 
flow rate, impact, 320 
generation, 305 
MLV, relationship, 318 
reduction, 306 
Pcrit, 499 

Peak expiratory flow rate (PEFR), 65-66, 84 
Peak flow diary, 541 
Peak flow meters, 541 
example, 54lf 
usage, 84 
process, 541b 

Peak flow monitoring, 541-542 
personal best reading, 542 
Peak flow zone system, 542 
Peak inspiratory pressure (PIP), 305 
adjustment, 415 
minimization, 592 
Peak pressure, 319 

Pectus carinatum (pigeon chest), 48, 55, 460 
Pectus excavatum (funnel chest), 48,55, 459-460 
Pediatric Advance Life Support (PALS) 
program (AHA), 224 
Pediatric airway, 506-507 
Pediatric ARDS, prevalence, 563 
Pediatric chronic respiratory disorders, 
long-term NPPV treatment, 291b 
Pediatric coma scale, 597f 
Pediatric endotracheal tube size, neonatal 
resuscitation program guidelines, 224t 
Pediatric exercise testing, reasons, 79b 
Pediatric flexible bronchoscopes, sizes, 106f 
Pediatric flexible bronchoscopy 
contraindications, 105 
equipment, 105-107, 107f 
list, 108b 

maintenance, 110-111 
high-level disinfection, 110-111 
indications, 103-105 
patient preparation, 107-108 
personnel/team, 108 

postprocedural monitoring/complications, 
110 

preparation, 106-108 
procedure, 109-110 
rigid bronchoscopy, comparison, 111 
supplies, 106-107 
list, 108b 

Pediatric heart transplantation, survival, 404-405 
Pediatric heart transplant recipients, quality- 
of-life assessment, 404-405 
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Pediatric home mechanical ventilation, goals, 
673b 

Pediatric intensive care unit (PICU), 580 
Pediatric lower respiratory tract infection, 
etiology, 52 lf 

Pediatric lung transplantation, 401 
Pediatric mechanical ventilation, monitoring 
applications, 329b 

Pediatric medication delivery, 164-165 
Pediatric patients 

aerosol particle deposition, rate/depth 
(reduction), 164b 
air-entrainment mask, 154f 
ECMO, usage (summary), 355t 
high-frequency ventilation, 303 
history, 51-52 
asthma, 60b 
completion, 59 

low oxygen concentration, requirement, 159f 
noninvasive ventilation, objectives, 289b 
NPPV complications, promotion (factors), 
296t 

representation, 301 
sepsis syndrome, 574b 
weaning techniques, 332 
Pediatric pulmonary function testing, 69-81 
Pediatric quality indicator set, 687b 
Pediatric Research Equity Act (PREA), 373 
Pediatric respiratory disorders, NPPV 
treatment, 290-292 

Pediatric shock treatment, algorithm, 575f 
Pediatric testing, 69 

anatomical considerations, 588 
Pediatric thoracic organ transplantation, 
indications, 398t 
Pediatric trauma 

breathing support, 588-589 
circulation, adequacy, 589 
diagnosis, 588-589 
disability, 589 
epidemiology, 588 
initial assessment, 588-589 
injury, mechanism, 588 
Pedi-Cap, usage, 226 
Pendelluft, 310-311 
Penetrating thoracic trauma, 599-601 
airway injury, 601 
diagnosis, 600 
imaging, 600 
incidence, 599 

pneumothorax/hemothorax, 600-601 
resuscitation, 599-600 
vascular injury, 601 
Pentamidine (NebuPent), 388 
adverse events, 388 
aerosol administration, 388 
mechanism, 388 
therapy, placement, 388 
Pentobarbital coma, 595 
achievement, 596 
Pentoxifylline, 421 
Percussion 

cupped hånd position, 202f 
neonates, 56 

pneumatic percussor, usage, 202f 
postural drainage, comparison, 199-200 
usage, 199 


Perfusion 
changes, 143 

noninvasive measurement, 127 
status, indication, 43-44 
Pericapillary colloid osmotic pressure, 

623 

Pericapillary hydrostatic pressures, 623 
Periglottic obstruction, 509 
Perinatal disorders, 22-24 
Periodic breathing (PB), 44-46, 494 
definition, 436-437 
Peripheral artery 
catheterization, 121 
puncture, arterial sites (usage), 116f 
Peripheral cyanosis (acrocyanosis), 149 
Peripheral nervous system, 633, 635-637 
Periventricular leukomalacia (PVL), risk 
(reduction), 413 
Permissive hypercapnia, 421 
ARDS, 567-568 
implications, 567-568 
Persistent diaphragm paralysis, surgical 
therapy, 598 

Persistent pulmonary hypertension of the 
newborn (PPHN), 420, 433-436 
antioxidant therapy, 436 
assessment, tests, 435 
cardiac output, maintenance, 436 
clinical presentation, 434-435 
complications, 436 
definition, 433 
diagnosis, 434-435 
differential diagnosis, 435 
etiology, 433-434 

extracorporeal membrane oxygenation, 
usage, 436 
factors, 433b 
incidence, 433 
investigations, 435 
pathophysiology, 433-434 
pharmacotherapy, 436 
presence, 433 
prognosis, 436 

real-time echocardiography, 435 
sedation/analgesia, 436 
systemic biood pressure, maintenance, 
436 

treatment, 435-436 

Persistent vegetative State (PVS), 597-598 
occurrence, 598 
Pertionsillar abscess, 509 
Pharmacology, case study, 390b 
Pharynx, examination, 50 
Phenotype, 551 
Philips blade, 224 

Phosphatidylcholine, concentration, 8 
Phosphatidylglycerol (PG) 
concentration, 8 
levels, increase, 412 

Picture-archiving and communication system 
(PACS), 88-89 
image adjustment, 90 
Pierre Robin sequence, 233 
Pierre Robin syndrome, 228, 508 
features, 456 

Pigeon chest (pectus carinatum), 48, 460 
Pink tetralogy (pink tets), 482 


Placenta, 13, 25 
abnormalities, 25 
agmg, 28 

function, assessment, 29-30 
separation, 25 
Placental abruption, 25 
Placental insufficiency, fe tal hazard, 28 
Placenta previa, 32 
occurrence, 25 

Plan-Do-Study-Act (PDSA), 690 
cycle, 690f 

Plasma colloid osmotic pressures, 623 
Platelet activating factor (PAF), 434 
Platelet-derived growth factor (PDGF), 434 
Plethysmography, 75-77 
baby box, 67-68 
Pleura, 623 

disorders, case studies, 630b 
lining, 623 

Pleural effusions, 624-626 

right-sided empyema, chest CT, 624f 
right-side-down decubitus radiograph, 624f 
upright chest radiograph, 624f 
Pleural fluid analyses, 625b 
Pleural space, surgery, 628-630 
Pneumatic nebulizers, 168-170 

performance (change), heliox mixtures 
(impact), 348 

Pneumatic percussor, usage, 202f 
Pneumatoceles, 98 
Pneumocystis carinii, 388 
Pneumocystis jirovecii, 388 
Pneumomediastinum, 94-95, 439, 628 
iatrogenic thoracic trauma, 601-603 
impact, 95f 

neonatal pneumomediastinum, 44lf 
occurrence, 439 
radiological signs, 440 
Pneumonia, 98, 521-525 
ACT, avoidance, 209 
atypical pneumonia, 524-525 
bacterial pneumonia, 523-524 
infarction, occurrence, 527 
infectious causes, 522b 
neonatal pneumonia, 425 
occurrence, 609 
progression, rapidity, 428 
round pneumonia, 98f 
sepsis, relationship, 259 
ventilator-associated pneumonia, 525 
viral pneumonia, acquisition, 425 
Pneumopericardium, 439 
development, 44lf 
Pneumopertioneum, 439 
Pneumoretropertioneum, 439 
Pneumotachometer, usage, 69 
Pneumothorax (pneumothoraces), 89, 94-95, 
142, 626-627 
air leak, 95 

air leakage, conditions, 627b 
causes, 626-627 
children, 627b 
neonates, 627b 
creation, 624-625 

iatrogenic thoracic trauma, 601-602 
incidence, 439 
indication, 142f 
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Pneumothorax (Continued) 

penetrating thoracic trauma, 600-601 
presence, 459 
result, 439 
right lung, 600f 

right-sided pneumothorax, chest radio- 
graph, 626f 

tension pneumothorax, 626 
thoracic trauma, 599 

Point of maximal cardiac impulse (PMI), 48 
Poliomyelitis, 635 

acute paralytic poliomyelitis, 635 
Polyhydramnios, 26 
Polysomnogram (PSG) 

channels, recommendation, 501b 
infant, preparation, 50 lf 
mixed apnea, presentation, 496f 
usage, 500-501 

Polyunsaturated fatty acid (PUFA) lipid 
intake, 421 

Portable ventilator, advantage, 672-673 
Port-a-Cath, catheter (insertion), 92 
Positioning, patient care, 325 
Positive end-expiratory pressure (PEEP), 107, 
126, 305 
adequacy, 321 
application, 321-322 
ARDS, 566 
auto-PEEP, 310, 311 
delivery, 152-153 
high-frequency ventilation, 323 
low-frequency ventilation, 320-322 
PEEP-Keep, usage, 110 
pressure waveform, relationship, 32lf 
provision, absence, 35 
Positive expiratory pressure (PEP), 198 
therapy, 204-205 

autogenic drainage, relationship, 

205 

Positive pressure ventilation (PPV) 
impact, 126, 488 
necessity, 415 
provision, 35 

Postapneic end-tidal carbon dioxide pressure 
(PetC0 2 ), 139 
usage, 140 

Postbronchodilator expiratory loops, 74f 
Postductal oxygen saturation, 138 
Postductal saturations, measurement, 487 
Postnatal lung growth, 6 
factors, 6-7 

Postoperative laryngotracheobronchhitis, 
512 

Postoperative wound infection, 32 
Postsurgical patients, ACT (avoidance), 

209 

Postterm pregnancy, 28-29 
Postural drainage 

percussion, comparison, 199-200 
positions 

children/adults, 20lf 
infants/younger children, 200f 
usage, 198 

Potter’s syndrome, 25-26 

Preacinar arteries/veins, development, 2 

Prebronchodilator expiratory loops, 

74f 


Precipitous delivery, 409 
Precursor safety event, 683 
Preductal oxygen saturation, 138 
Preeclampsia, 24 

definitive treatment, 24 
development, predisposing factors, 24b 
diagnosis, criteria, 25b 
pathophysiology, 24 
Pre-ECMO fluid resuscitation, 363 
Pregestational diabetes mellitus, 22 
Pregnancy 
alcohol, 24 
case study, 36b 
cocaine, 24 

postterm pregnancy, 28-29 
smoking, 24 
toxic habits, 24 
Preload, measurement, 576 
Premature infants 

CPAP, nasal breakdown scoring system, 
280t 

gestational age, RDS (radiographs), 
413f 

RDS, presence, 253 
chest radiograph, 254f 
respiratory distress syndrome (RDS), 
radiographs, 314f 
supportive care/monitoring, 416 
Premature mortality rates, 688 
Premature rupture of membranes 
(PROM), 24 
Prematurity, 443 
prevention, 413 

Prematurity-associated respiratory distress, 
case study, 18b 

Prenatal lung growth, factors, 6-7 
Preschool children, aerosol device selection, 
180 

Pressure, 82 

drop, dimensions, 272t 
sensing, 312 
titration, 294-295 
tracing, 82f 
waveforms, 125f 

patterns, examples, 125f 
PEEP, relationship, 32 lf 
Pressure-controlled ventilation (PCV), 304 
breath, 308-309 
PCV-SIMV, 365 

Pressure plateau ventilation, 293 
Pressure-regulated volume control (PRVC), 
308, 309-310 

Pressure sores, occurrence, 234 
Pressure support ventilation (PSV), 309 
adaptive pressure support ventilation, 
309-310 
impact, 309 
modification, 292-293 
Pressure time index (PTI), 332 
Pressure time product (PTP), 332 
Pressure ventilation, 303-305 
setting, usage, 303 
Pressure-volume (P-V) curves 

automated slow flow rate P-V curves, 
330-331 

determination, super-syringe method 
(usage), 330f 


Pressure-volume (P-V) loops, 83 
demonstration, 83f 
flow, insufficiency, 328f 
overdistention, 83f 

Pressurized-metered dose inhalers (pMDIs), 
173-176 

accessory devices, 175-176 
actuations, number, 174 
care/cleaning, 176 
cross-sectional diagrams, 174f 
efficacy, 180 

flow-triggered device, 175 
Freon, usage, 173 
holding chambers, 175-176 
usage, comparison, 179t 
usage, differences, 178t 
home use, problems, 174 
self-administration technique, 174b 
spacers, 175-176 
technique, 174-175, 187b 
usage, 164, 186-187 

valved holding chamber, usage (technique), 
176b 

Preterm birth, 26-28 
reasons (pie chart), 26f 
Preterm delivery, 23 

medical risk factors, 26b 
prevention, 27-28 
Preterm infant 

ACT, application, 203 
pulmonary interstitial emphysema (PIE), 
radiographs, 316f 
RDS, chest X-ray, 444f 
Ureaplasma pneumonitis, chest radiographs, 
420f 

Preterm labor 
diagnosis, 27 
medical risk factors, 26b 
signs, 27 

Priestley, Joseph, 148 
Primary alveolar hypoventilation, 597 
Primary ciliary dyskinesia (PCD), 520-521 
diagnosis, 521 
etiology, 520-521 
pathophysiology, 520-521 
signs/symptoms, 521 
treatment, 521 
Primary CNS tumors, 635 
Primary germ layers, 2 
Primary snoring, impact, 499 
Primary spontaneous pneumothorax, 

626-627 

Primordial heart chambers, formation, 

15f 

Private duty nursing (PDN) services, 

659 

Process evaluation, tools, 690 
Prophylactic indomethacin, impact, 419 
Prophylactic surfactant, 254-255 
administration, 254-255 
impact, 414 

Proportional assist ventilation (PAV), 

292-293 

PSV modification, 292-293 
Prostacyclin, signaling pathways, 434f 
Prostaglandin synthase inhibitors, usage, 
25-26 
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Prostaglandin synthesis (reduction), 
Indomethacin (usage), 27 
Prothrombin time (PT), elevation, 580 
Prune-belly syndrome, 49 
Pseudoglandular phase (lung development 
phase), 2-3 
cilia, appearance, 3 
Pseudoglandular, term (usage), 3 
Pseudomonas aeruginosa, 386 
colonization, 386 
Pseudopectus excavatum, 459-460 
Pulmicort Turbuhaler, 177 
Pulmonary acinar units, 4 
Pulmonary acini, 2 
Pulmonary artery (PA) 
banding, 475 
performing, 484 
enlargement, 98-99 
stenosis, 482f 

thermodilution catheter (Swan-Ganz 
catheter), 125f 

Pulmonary artery (PA) catheterization, 
124-127 

cardiac output, 126-127 
complications, 126 
measurements, 126 
procedure, 125-126 
Pulmonary artery (PA) catheters 
availability, 127 
measures, 92 
pressure values, 126t 
quadruple lumens, presence, 125 
usage, 124-125, 581 
Pulmonary artery pressure (PAP) 
examples, 125f 
measurement, 125 

Pulmonary atresia with intact ventricular 
septum (PA/IVS), 485-486 
treatment, 486 
Pulmonary biood flow 
excess, 489-490 
increase, 473 

Pulmonary capillary wedge pressure (PCWP) 
acquisition, 126 
examples, 125f 
measurement, 125 

positive-pressure ventilation, impact', 126 
Pulmonary contusion, 599 
Pulmonary damage, initiation, 98-99 
Pulmonary diseases, 552-553 
aerosol therapy, 554 
bacterial infection, 552 
bronchodilators, usage, 554 
findings, 57b 
treatment, 554-555 
Pulmonary edema, progression, 615 
Pulmonary embolism, complication, 

124 

Pulmonary examination, 53-57 

ears/eyes/nose/throat examination, 58 
list, 54b 

Pulmonary function 
measurements, 73t 
tests 

definitions, 65-66 
usage, 638 


Pulmonary function testing (PFT), 65, 553 
bedside PFT, 65-66 
neonates, 66-69 
obstructive/restrictive patterns, 
characterization, 74t 
usage, 536 

Pulmonary hemorrhage (hemorrhagic edema), 
258, 442-445 

antenatal corticosteroids, usage, 444 
circulation, 445 
clinical presentation, 443-444 
definition, 442-443 
diagnosis, 443-444 
HFOV, 444 
incidence, 443 
measures, 445 
occurrence, 258 
pathophysiology, 443 
PDA, prevention, 444 
prevention, 444 
resuscitation, 444 
risk factors, 443 
surfactant, 444 
treatment, 444-445 
ventilation, 444 
Pulmonary hila, 90 

Pulmonary hypertension, nitric oxide (usage), 
644 

Pulmonary hypoplasia, 7 
occurrence, 7 

Pulmonary infarction, occurrence, 527 
Pulmonary interstitial emphysema (PIE), 
94-95, 302-303, 439 
impact, 96f 

linear/cystic translucencies, 440 
needle aspiration, 442 
presentation, 439 
radiographs, 316f 
Pulmonary mechanics, 65-66, 565 
calculation, 66 
measurement, 81-84 
Pulmonary parenchyma, 606 
Pulmonary pressure monitoring, 124 
Pulmonary screening, 65 
Pulmonary sequestration, 463-464 
aortic angiogram, 464f 
diagnosis, 464 
Pulmonary signs, 54 
Pulmonary smooth muscle relaxation/ 
contraction, 344 
Pulmonary surfactant 
components, 249t 
surface tension, reduction, 246 
Pulmonary vascularization, completion, 7 
Pulmonary vascular resistance (PVR), 412 
elevation, 459 

increase, gas mixtures (impact), 489-490 
interventions, 488b 
reduction, 471-472 

Pulmonary vascular resistance (PVR) in utero, 

17 

Pulmonary vasodilators, 423 
agents, 436 

Pulmonary veins, biood flow, 17-18 
Pulmonary venous return, routing, 481f 
Pulmozyme, 188 


Pulse contour analysis, 127 
Pulse oximeter, 666-667 
information, 49 
LEDs, function, 137 
probe, attachment, 138f 
Pulse oximetry, 137-139, 487 
application, 137-138 
limitations, 138-139 
operation, principles, 137 
Pulse pressure, 123 

Puncture sites, recommendation, 116f 

Q 

Quake device, attachment, 204 
Quality care, components, 682 
Quality improvement, measurement, 
683-684 

Quality indicators, 687 
Quality of life 
issues, 52 

thoracic organ transplantation, 404-405 
Quality outcomes, improvements 
(demonstration), 683 
Quality tools, differences, 690 
Quasi-static P-V curves, 330 
Quiet infant, pulses (palpation), 48 

R 

Racemic epinephrine, usage, 608 
Raceway occlusion, evaluation, 359-360 
Radial artery, access, 115-116 
Radiant warmer, 42f 
Radiographic abnormalities, 104 
Radiographic imaging, 88-90 
Radiographic projection, 89 
Radionuclide lung scanning, usage, 464 
Rales, development, 581 
Ramsay, William, 347 

Rapid eye movement (REM) sleep, 493-494 

Rapid Plasma Reagin (RPR), 36 

Rapid shallow breathing index (RSBI), 81 

Rastelli procedure, 485f 

Reactance (Xrs), 77 

Reactive NST, 30 

Reactive oxygen species (ROS), 434 
Reason, James, 691 
Rebreathing, 141 

Recombinant human deoxyribonuclease I 
(DNase), 104-105 
Rectal cultures, obtaining, 23 
Rectal prolapse, 556 
Recurrent aspiration syndrome, 528 
diagnosis, 528 
etiology, 528 
treatment, 528 

Reduced-size transplantation, problem, 401 
Reliability, 684-688 
Renal failure, 27 

Renal insufficiency, development, 363 
Reperfusion injury, 402 
chest radiograph, 403f 
Rescue surfactant, doses, 255-256 
Reservoir masks, 153-154 
nonrebreathing mask, 154 
partial-rebreathing mask, 154 
Residual coarctation, definition, 478 
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Residual volume (RV), 65 

expiratory flow-volume loop, 7 lf 
Resistance (Rrs), 77, 324 
serial measurements, 311 
Respirable particles (production), MMAD 
measurement, 164 
Respiration 

accessory muscles, 633 
deterioration, 592 
diminishment, 7 
neuromuscular control, 633-634 
Respiratory acidosis, causes, 129b 
Respiratory alkalosis, causes, 130b 
Respiratory arrest, 208 
Respiratory control system, 633-634 
Respiratory disease, progression, 563 
Respiratory distress 

neonatal disorders, 410-41 lt 
noninvasive ventilation, objectives, 289b 
signs, 55 

Respiratory distress syndrome (RDS), 26, 245, 
252-258 

air bronchograms, 95f 
clinical presentation, 412, 412-413 
complications, 416 
CPAP, 415 
diagnosis, 412-413 
etiology, 409-412 
incidence, 252-253, 409 
birth weight basis, 412b 
inflammation, 418 
intrapulmonary shunting, 310 
investigations, 412-413 
mechanical ventilation, 415-416 
neonatal pulmonary disorders, 409-416 
nonresponders, 258 
nutrition, 418-419 
occurrence, 94 
pathophysiology, 409-412 
prevention, 413-414 
prognosis, 416 

prophylactic surfactant, 254-255 
rescue surfactant, doses, 255-256 
treatment, 253-254, 414-416 
Respiratory effects, 597 
Respiratory failure, 223, 688 
indication, 563 

subacute respiratory failure, 402 
Ureaplasma urealyticum (relationship), 418 
Respiratory frequency, 81 
Respiratory function, 44-48 
Respiratory inductance plethysmography 
(RIP), 69 

Respiratory insufficiency, cerebral causes, 

597 

Respiratory muscles, 633-634 

endurance, measurement methods, 

331-332 

Respiratory muscle time index (TTmus), 84 
Respiratory problems (thoracic transplantation), 
402-403 

Respiratory rates 

awake pediatric patients, 54t 
indicator, 54-55 
sleeping, 54t 
Respiratory support, 365 


Respiratory syncytial virus (RSV), 388, 522 
contagiousness, 518 
diagnosis, confirmation, 522 
infection 

impact, 425-426, 526-527 
transmission, 520 
Respiratory system 

mechanics, monitoring, 311 
neuromuscular diseases, impact, 

634-638 

pressure-volume curves, obtaining, 323f 
resistance, measurement, 183f 
Respiratory therapist (RT), role, 405 
Respiratory type II epithelial cells, 2 
Resting energy expenditure (REE), 143 
Retinopathy of prematurity (ROP), 26 
development, oxygen (role), 150 
Retrognathia, 500 
Retrolental fibroplasia, 150 
Retropharyngeal abscess, 509 
Retropharyngeal cellulitis, 93 
Review of symptoms (ROS), 52, 53 
Ribavirin (Virazole), 388 
adverse events, 388 
aerosolized ribavirin, 522 
mechanism, 388 
role, contentiousness, 520 
therapy, placement, 388 
usage, 171 

Ribs, cartilaginous ends (deformity), 459 
Right atrial hypertrophy, 482f 
Right atrial pressure (RAP) 
measurement, 123 

central venous catheter allowance, 

124 

tracing, appearance, 125 
values, 486-487 
waveform, appearance, 124 
Right atrium, biood flow, 15-17 
Right hemidiaphragm, visualization, 91f 
Right lower lobe atelectasis, 97-98 
Right lung 
division, 91 
pneumothorax, 600f 
Right middle lobe, collapse, 97f 
appearance, 97 

Right-sided empyema, chest CT scan, 624f 
Right-sided pneumothorax 

necrotizing pneumonia, impact (chest 
radiograph), 627f 

Right-sided pneumothorax, chest radiograph, 
626f 

Right-sided tension pneumothorax, drainage, 
440f 

Right-to-left shunt, 472 
Right-to-left shunting, 412 
suspicion, 487 
Right upper lobe, atelectasis 

anteroposterior chest radiograph, 516f 
occurrence, 97 

Right ventricular (RV) dysfunction, 435 
Right ventricular (RV) enlargement, 98-99 
Right ventricular outflow tract (RVOT) 
obstruction, 482 

Right ventricular (RV) pressure, examples, 
125f 


Rigid bronchoscopy 
case study, 111b 
pediatric flexible bronchoscopy, 
comparison, 111 
Ritodrine, 27 
Roller pumps, 359-360 
drawback, 360 

Root cause analysis (RCA), 689 
Rotahaler, 177 
Rotor wing 

air transport, 635 

transportation, advantages/disadvantages, 
651b 

Round pneumonia, 98f 
Rubella, 23-24 
Rubella immune (RI), 36 
Rule of nines, 605 

s 

Saccular phase (lung development phase), 4 
secondary crests, 5f 
Saccules, 4 
Sacral dimple, 50 
Safe process, design, 688-690 
Safety 

behaviors, 692-694 
culture, 691-692 
Salbutamol, 376 
Saline, use (algorithm), 24lf 
Salmeterol (Serevent), 377-378 
availability, 377-378 
Saltwater submersion, fluid/electrolyte 
changes, 612 
Sano modification, 479 
Sano shunt, 480f 
Scald injuries, 603 

Scalp biood gas assessment, alternative, 
32-33 

Scarring, 98-99 
Schamroth sign, 58f 
Schofield equation, ranges, 144t 
Schools, asthma (presence), 546-547, 546b 
Scoliosis, 55, 460 
Scoop and run, question, 644 
Sealed face mask, usage, 68 
Secondary crests, 4 
division, 5f 

Secondary drowning, 610-611 
Secondary spontaneous pneumothorax, 
626-627 

Selective agents, 375-377 

dosage/administration, 375-376 
Self-inflating bags, pressure (delivery), 35 
Senning operation, 485 
Sentinel events, classification, 683 
Sepsis, 26, 574-575 
definition, 574b 
pneumonia, relationship, 259 
syndrome, 574b 
Septum primum, 14 
Septum secundum, 14-15 
Sequestration, aortic angiogram, 464f 
Serum lactate, determination, 130 
Severe adverse events (SAEs), reduction, 

688 

Shake test (foam stability test), 413 
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Shock, 573-583 
assessment, 579-580 
cardiac output, 576 
cardiogenic shock, 574 
classification, 573-574 
clinical classification, 574t 
clinical highlight, 578b 
considerations, 579 
definition, 573-576 
diagrammatic representation, 577f 
evaluation, 579-580 
inodilators, usage, 582 
management, 579-583 
metabolic response, 579 
monitoring, 580-581 
myocardial function, 581-582 
obstructive shock, 574 
oxygen delivery, 577-578 
pathophysiological classification, 574t 
pathophysiology, 576-579 
pediatric shock treatment, algorithm, 575f 
system-based treatment approach, 581-583 
treatment, 579-583 
vascular volume, 581 
Short-acting (3 agonists, usage, 539 
Short-term nasal CPAP, impact, 271f 
Shunt lesions, 472-476 
Sickle cell chronic lung disease, occurrence, 
527 

Sickle cell disease, 527-528 
acute chest syndrome, 528 
etiology, 527 
incidence, 527 
pathophysiology, 527 
prevention, 528 
signs/symptoms, 527 
treatment, 527 

Sidestream adapter, location, 140f 
Sidestream capnography, 139-140 
Signal extraction technology (SET), usage, 139 
Signal noise, 139 
Silicone membrane, 360-361 
Silicone nasal prongs, 275f 
Silverman score, 48f 
Silverman scoring system, 46 
Simple oxygen mask, 153 
application, 153 
example, 153f 
hazards/complications, 153 
indications/ con traindications, 153 
Simulation-based medical education (SBME), 
634-635 

Sinus venosus, right horn (growth), 14 
Situation/Background/Assessment/ 

Recommendation (SBAR), usage, 693 
Situs inversus, 521 
Six Sigma, 688-689 

strategic process, 688-689 
Skin 

breakdown, occurrence, 234 
color/temperature, evaluation, 580 
inspection, 58 
Sleep 

architecture, description, 494 
breathing, laboratory assessment, 500-502 
definition, 493 
development, 493-494 


Sleep (Continued) 

duration, age basis, 494b 
non-rapid eye movement (NREM) sleep, 
493-494 

rapid eye movement (REM) sleep, 493-494 
studies, 639 

Sleep-disordered breathing (SDB), 494 
CPAP, usage, 500 
evaluation, 499-500 
risk, increase, 494, 500 
Sleeping, respiratory rates, 54t 
Small-molecule CFTR modulators, usage, 555 
Small-particle aerosol generator (SPAG), 
170-171 
diagram, 171f 

Small-volume nebulizer (SVN), 168 
Small-volume USNs, availability, 171-172 
Smith’s Recognizable Patterns of Human 
Malformation, 50 

Smoke inhalation, mortality, 606 

Smoking, pregnancy toxic habit, 24 

Smooth muscle relaxation, mechanism, 344 

Sodium bicarbonate, usage, 613 

Soft epiglottis, 103 

Solid organ transplant recipients, 388 

Soluble guanylate cyclase, pulmonary 

vasculature expression (increase), 434 
Spacers, 175-176 
differentiation, 175 
Spaghetti diagram, 69lf 
Speaking valves, 670 
Specific airway resistance (sRaw), 75-77 
Specific conductance, 75 
Spina bifida, photograph, 50f 
Spinal cord 

disorders, 634-635 
trauma, 634 

Spinal muscular atrophy (SMA), 635 
Spine (neonates), 50-51 

symmetry/bony structure, 50 
Spine sign, 97-98 
Spinnaker sail, production, 95f 
Spirogram, graphic display, 76f 
Spirometry, 65, 69-75 
acceptability errors, 72f 
example, 638f 
performing, 638 
values, 73-74 

Spontaneous breathing measurements, 28lf 
Spontaneously breathing patients, 348 
Spontaneous pneumothorax, 439, 626-627 
Spot checks, 666 
Spring-loaded silo, 465f 
Stabilization indicators, CPAP support, 277b 
S.T.A.B.L.E. program, 643 
Staphylococcus aureus , 524 

clinical symptoms, severity, 524 
Static compliance, measurement, 68 
Stationary liquid oxygen (LOX) system, 663f 
Status asthmaticus (SA), placement, 349 
Status epilepticus, 596 

intranasal midazolam/rectal diazepam, 
usage, 596 

Stay and play, question, 644 
Steeple sign, indication, 512f 
Stenotic segment, resection, 477-478 
Sterile distilled water, preparation, 670b 


STER1S 

cleaning apparatus, flexible bronchoscope, 
lllf 

system, 111 

Sternocleidomastoids, impact, 55 
Steroids 

therapy, 432 
usage, 423 
Stertor, 56-57 

snoring, comparison, 57 
Strabismus, 593 

Straight blade (Miller blade), 224 
usage, 225f 

Streptococcus pneumoniae, 524 
Stretcher mounted neonatal transport incuba- 
tor, 638f 

Stridor, 56-57, 103-104 
evaluation, 230-231 
noise, audibility, 57 
variation, 103 

Stroke volume, components, 576-577 
Structural cardiovascular abnormalities, 406 
Stupor, classifications, 596t 
Subacute respiratory failure, 402 
Subambient oxygen 

concentrations, usage, 479 
levels, administration (schematic represen¬ 
tation), 489f 

Subclavian patch aortoplasty, 477-478 
Subcostal retractions, 56f 
Subcutaneous emphysema, 626 
cause, 439 
crepitus, 628 

Subgaleal hemorrhage, 49-50 
Subglottic airway (steepling), croup (impact), 
93f 

Subglottic stenosis, degree (determination), 231 
Subglottic trachea, shoulders appearance, 507f 
Submerions, changes, 612 
Submucosal giands, presence, 552 
Subsegmental bronchi, 506-507 
Substernal retractions, 56f 
Subvalvular AS, 476 
Suction 

battery-powered portable suction machine, 
692f 

bulb suction, 240-241 
catheter, 107 
cleaning, 668b 

closed tracheal suction systems, 241 
equipment, 326 
nasotracheal suction, 240 
Suctioning, 239-241, 326 
algorithm, 24lf 

blind nasotracheal suctioning, require- 
ments, 240 
differences, 326 
equipment, 239 
procedure, 239-240 
techniques, learning, 668 
Sudden infant death syndrome (SIDS), 436, 
495-498 

deaths (Maryland), 496f 
mechanistic explanation, 495 
risk factors, 496b 
theories, 495 
U.S. rate, 497f 
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Superficial burns, 603 

Superficial partial-thickness injuries, 603-604 
Superior mediastinum, widening, 99 
Superior vena cava (SVC), 471 
Supplemental oxygen therapy, usage, 432 
SUPPORT study, 421 
SUPPORT trial, 255 
Supralaryngeal obstruction, 508-509 
Suprasternal retractions, 56f 
Suprasternal Space, soft tissue retraction, 56f 
Supravalvular AS, 476 

Surface-active phospholipoprotein, formation, 
3-4 

Surface tension 
creation, 246 

reduction, pulmonary surfactant (impact), 246 
Surfactant replacement therapy 

acute respiratory distress syndrome, 260 

asthma, 260 

case study, 261b 

clinical applications, 252-261 

congenital diaphragmatic hernia, 259 

cystic fibrosis, 261 

efficacy, 258 

extracorporeal membrane oxygenation, 
259-260 

meconium aspiration syndrome, 258-259 

pneumonia/sepsis, 259 

pulmonary hemorrhage, 258 

replacement, 252-261 

success, 245 

usage, 355 

viral bronchiolitis, 260 
Surfactants 
administration 
complications, 415 
methods, 414 
timing, 414 

aerosol delivery, 188-189 
appearance, 3-4 

artificial surfactant, application, 94-95 
availability, 414t 
composition, 247-250 
alteration, 252 

deficiency RDS/ARDS, clinical 
presentation, 253t 
delivery, 255t 
depletion, 323f 
discovery, 245-246 
diseases, impact, 252 1 
dysfunction 

acute lung injury, 251-252 
pathways, 253f 

exogenous commercial surfactants, 257t 
function, 246-247, 247b 
impact, 246-247 
inactivation, 252 
mechanisms, 258 
metabolism, 247-250 
alteration, 252 
schematic diagram, 249f 
natural preparations, synthetic preparations 
(comparison), 256-258 
physiology, 246-251 
production, 7-8 

hormonal effects, 251 
prophylactic surfactant, 254-255 


Surfactants (Continued) 

pulmonary surfactant, 246 
quality, alteration, 251-252 
replacement, 414-415 
rescue surfactant, doses, 255-256 
surfactant protein A (SP-A), 250 
decrease, 260 

surfactant protein B (SP-B), 250 
importance, 247-248 
surfactant protein C (SP-C), 250 
importance, 247-248 
surfactant protein D (SP-D), 250 
surfactant proteins (SPs), types, 250 
therapy, 432 
types, 414 

usage, guidelines, 405b 
Surfactant TA, 256-258 
Surgical cannulation (cutdown method), 123 
Surgical site infections (SSIs), 687 
Surviving Sepsis Campaign: Revised 2011 
Guidelines, 575 

Sustained inflations (Sis), usage, 314-315 
Sustained maximal inspiration, 213 
Swan-Ganz catheter, 124 

pulmonary artery thermodilution catheter, 
125f 

Sweat chloride levels, elevation, 549 
Sweat chloride testing, 550-551 
performing, 551 
Sweat test, performing, 55 lf 
Swiss cheese models, 693f 
Sympathomimetic, potency, 378 
Symptomatic pneumothorax, treatment, 601 
Synchronized intermittent mandatory 
ventilation (SIMV), 308 
benefits, 308b 
triggering mechanism, 308 
ventilator frequency, decrease (impact), 332 
Syncope, 482 
Syphilis, 23-24 

Syringe pump-type infusion pump, 644 
Systemic administration, aerosols (usage), 189 
Systemic air embolism 
postmortem X-ray, 44lf 
rarity, 439 

Systemic arterial oxygen pressure (PaC^), 
increase, 18 

Systemic biood pressure, maintenance, 436 
Systemic corticosteroids 
importance, 380 
long-term use, limitations, 381 
usage, 539 

Systemic drugs, vasodilator effects (comparison), 
345f 

Systemic vascular resistance, decrease, 479 

T 

Tactile fremitus, 56 
Talipes equinovarus, 50 
T cells, definition/role, 534 
Teamwork, 682 

Technology-dependent children, public 
awareness, 662 

Temperature regulation, 361-362 
Tender Grip skin fixation pad, 15 lf 
Tension pneumothorax, 626 
Tension time index (TTI), 84 


Tension time index of the diaphragm (TTdi), 84 
Tent house, usage, 159f 
Teratogen, 24 
Terbutaline, 27 

Brethine/Brethaire, 377 
Term Breech Trial Collaborative Group, 30-31 
Terminal air spaces, overdistention, 439 
Terminal bronchiole, location, 4f 
Tetralogy of Fallot (TOF), 482-483 
overriding aorta, 482f 
repair, postoperative care, 483 
surgery, timing/procedure, 483 
Tetralogy spells, treatment, 483b 
Thl/Th2 paradigm, 534 
The Joint Commission, 2013 National Patient 
Safety Goals, 684t 
Theophylline, 383-384 
action, mechanism, 383 
adverse events, 383-384 
apnea treatment, 665 
benefit, absence, 519-520 
dosage/administration, 383 
therapy, placement, 383 
usage, 438 

Therapeutic bronchoscopy, 104-105 
Therapeutic oxygen administration, 
complications, 149 
Thermal injury, 603-605 

burn injury, classification, 603-604 
epidemiology, 603 
management, 605 
pathophysiology, 603-605 
Thin-walled alveoli, presence, 5f 
Thoracentesis, complications, 624-625 
Thoracic cage, compliance, 46 
Thoracic compression, 431 
Thoracic gas volume, measurements, 65 
Thoracic inlet, demonstration, 91f 
Thoracic organ transplantation, 397 
case studies, 405b 
complications, 402-404 
drug toxicity, 404 
infection, 403-404 
psychosocial adjustments, 404 
quality of life, normalization, 399 
respiratory therapist, role, 405 
Thoracic trauma, 598-603 
birth trauma, 598-599 
blunt thoracic trauma, 599 
congenital chylothorax, 598-599 
iatrogenic thoracic trauma, 601-603 
nerve injury, 598 

penetrating thoracic trauma, 599-601 
pneumothorax, 599 

Thoracic wiggle, subjective accounts, 274 
Thoracoabdominal asynchrony (TAA), 69 
Thoracoabdominal motion analysis, respiratory 
inductance plethysmography, 69 
Thoracoscopy, 628-629 
Thoracostomy drainage, 627-628 
three-bottle system, example, 629f 
Thoracotomy, avoidance, 629 
Three-way repeat back, 693 
Thromboembolic events, 32 
Thymus, minor fissure (relationship), 91f 
Thyroidectomy, 7 
Tidal breath, graphic display, 83 
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Tidal breathing, volume-pressure loops, 67f 
Tidal volume (V-p), 65-66, 79, 317-318 
calculation, 329 

effective tidal volume, calculation, 306b 
gas volume, 81 

increase, waveform comparison, 318f 
output, HFOV measurement, 319f 
Time constants, 311 
product, 311 
Time-out procedure, 109 
Tissue, biood delivery, 578-579 
Tobramycin (Tobi Podhaler), 386-387 
adverse events, 386-387 
mechanism, 386-387 
therapy, placement, 386-387 
Tocolytics 

prophylactic use, 27 
types, 27 

Toddlers, aerosol delivery device selection, 
179-180 

To Err Is Human: Budding a Safer Health System , 
681, 682 

Tonsils, enlargement (tonsillar enlargement), 
93f, 508 

Topical anesthesia, 109 
TORCH syndrome, 425 
Total anomalous pulmonary venous return 
(TAPVR), 481-482 
classifications, 481 
obstruction, severity, 482 
pathophysiology, 481-482 
pulmonary venous return, routing, 48 lf 
Total lung capacity (TLC), 65 
patient inhalation, 84 
Total parenteral nutrition (TPN), 139 
Toxoplasma gondii, 23-24 
T-piece resuscitator, usage, 35 
T-piece/tubing assembly, torque (creation), 156 
Trachea 

displacement, 94f 
distal tracheal narrowing, 236 
evaluation, 92 
intubation, 222-223 
narrowing, 513 
obstruction, 513-514 
position, determination, 56f 
stenosis, 513 
vulnerability, 203 

Tracheoesophageal fistula, 90, 456-458 
anatomic classification, 456-457, 457f 
occurrence, 457 
Tracheomalacia, 90, 513 
cause, 103-104 
diagnosis, 94 
treatment options, 513 
Tracheostomy, 642-643, 667-671 
change, performing, 669b 
child, bathing, 671 
decannulation, 237-239 
emergency tracheostomy supplies, 669b 
home medical equipment/supplies, 667b 
performing, decision, 232 
placement, 239 

securing system, Velcro ties (diagram), 233f 
speaking valve, usage, 671f 
ties, types/usage, 233 
tubes, availability, 669 


Tracheostomy tube-dependent children, death 
(reasons), 235 

Tracheostomy tubes, 232-233 
accidental dislodgment, 235 
bleeding, occurrence, 236 
change 

indications, 669b 
obstruction, relief, 235 
changes, 236-237 
difficulty, 237 

equipment, requirement, 237b 
dimensions, 232, 232t 
impact, 670 
insertion, 234 
replacement, ability, 235 
selection, 232 
term, usage, 231 
Tracheotomy, 231-239 

airway, establishment, 233-234 
chronic tracheotomy, problems, 236 
complications, 235-236 
occurrence, 237 
emergency, 228 
home care, 237 
indications, 231-232 
mortality rate, 235 
postoperative care, 234-235 
procedure/technique, 233-235 
Trach-to-Go bag, contents, 667b 
Traffic light zone system, 542b 
Transcutaneous monitoring, 142-143 
application, 142-143 
limitations, 143 
operation, principles, 142 
Transcutaneous oxygen monitor electrode, 
placement, 143f 

Transforming growth factor (3 (TGF-(3), 

434 

Transient tachypnea, 32 
Transient tachypnea of the newborn (TTN), 
424 

clinical presentation, 424 
complications, 425 
diagnosis, 424 
differential diagnosis, 424 
incidence, 424 
lungs, overinflation, 40lf 
pathophysiology, 424 
prognosis, 425 
risk factors, 424 
risk, increase, 424 
treatment, 425 
Transillumination, 440-441 
performing, 48 
Transition home, 692-694 
Transitory myasthenic syndrome, 636 
Transplant centers, surveillance biopsies, 403 
Transportation 
accreditation, 640 
advanced transport, 639 
air transportation, 635-636 
Communications, 636-637 
equipment, 635-636 
ground transportation, 635-637 
incubator, 637-638 
infusion pumps, 637 
medical equipment, 636 


Transportation (Continued) 

midsized twin-engine helicopter, 64lf 
modes, 635 

monitoring equipment, 636 
point-of-care testing, 637 
safety, 639-640 
teams, 643 

unit-based transport teams, 643 
ventilator, 636-637 

Transport team. See Critical care transport team 
Transposition of the great artery (TGA), 

484-485 

aorta, origin, 484f 
chest radiography, 484 
clinical sign, 484 
surgical correction, 485 
Transpulmonary pressure, 66 
exertion, 66 

Transudate, differences, 625 1 
Transudative pleural effusions, causes, 625b 
Transverse malpresentation, 32 
Trauma, 443 

Traumatic laryngotracheobronchhitis, 512 
Travel, equipment (requirements), 671b 
Treacher Collins syndrome, 228 
Tree diagrams, 690 

Trendelenburg position, intolerance, 212 
Treponema pallidum (syphilis), 23-24 
Tricuspid atresia (TA), 486 
Triggers, 533 

identification/control, 544 
Tromethamine (THAM), usage, 613 
Trophoblast, 13 
Truncus arteriosus, 483-484 
great artery, origin, 483f 
Tuberculosis (TB), 525-527 
case study, 526b 
diagnosis, 526 
etiology, 525 
incidence, 525 
signs/symptoms, 526 
transmission, 526 
treatment, 526-527 
Tubes, positioning, 92 
Turbulent flow, Reynold’s equation, 347b 
Twin-engine airplanes, pressurization systems, 
644 

Type II pneumocytes, 8 
Type II respiratory distress syndrome, 
transient tachypnea, 32 

u 

UHF/AM transceiver, 617 
Ultrasonic nebulizer (UBN), 168, 171-172 
aerosol, generation, 172f 
small-volume USNs, availability, 171-172 
Ultrasound, 29 

Umbilical artery catheterization (UAC), 120-121 
complications, 122 
high position, 120 
low position, 120 
Umbilical catheter, placement, 35 
Umbilical cord, 25 
abnormalities, 25 
biood gases, values, 34t 
characteristics, 49 
length, clinical significance, 25 
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Umbilical vessels, damping, 18 
Undiluted bronchodilator, 181 
Unilateral choanal atresia, 455 
Unit-based transport teams, 643 
Upper airway, 506 
auscultation, 507-508 
disorders, 508-512, 556 
extrathoradc airway, obstruction, 508f 
injury, 606 

radiographic evaluation, 507 
resistance, variable changes, 499 
structures, 506, 506f 
tongue obstruction, 270f 
vasoconstriction (induction), nebulized 
racemic epinephrine (usage), 

512 

Upper airway resistance syndrome (UARS), 
characterization, 499 
Upper esophagus, edema, 94f 
Upper respiratory tract 
infections, 521 
physical examination, 536 
Upper torso, deoxygenated biood, 18 
Ureaplasma pneumonitis, chest radiographs, 
420f 

Ureaplasma urealyticum , 418 
Urine production, monitoring, 580 
Urticaria, 58 

Uterine contractions (UCs) 
early decelerations, 32f 
recording, 31f 

Uteroplacental insufficiency, impact, 33f 

v 

Vaginal cultures, obtaining, 23 
Vaginal delivery, assistance, 31-32 
Valeant (jet aerosol generator), 170-171 
Valsalva maneuver, 628 
Val ved holding chambers (VHCs), 175-176 
efficacy, 180 
impact, 176 
plume, expansion, 175 
usage, 175-176 
technique, 176b 

Vancomycin-resistant enterocci (VRE), 659 
Vapotherm 2000i, 157 
Variable decelerations, 33f 
Variable-performance oxygen delivery systems, 
150-154 

Vascular endothelial growth factor (VEGF), 
419, 406 

regulation, alteration, 150 
Vascular hypothesis, 419 
Vascular injury, 601 
Vascular ring, 90 
Vascular volume, 581 
Vasoactives, usage/characteristics, 583t 
Vasodilator effects, comparison, 345f 
Velamentous cord insertion, 25 
Velcro belt, washing, 665 
Venoarterial (VA) configuration, 

357-358 

Venous biood gas (VBG), 115 
sampling, 115 

Venous system, biood drainage, 359 
Venovenous (W) support, 358-359 
advantage, 358-359 


Ventilation 

adaptive support ventilation, 310 
adaptive ventilation, 306-307 
adequacy, 613 

clinical signs, observation, 329 
airway, obstruction, 141-142 
cardiogenic oscillations, 142 
Control variables, impact, 317f 
diurnal ventilation, 641-642 
establishment, 35 
manipulation, 317-319 
modes, pressure waveforms, 307f 
mouthpiece ventilation, example, 642f 
nocturnal ventilation, 641-642 
noninvasive ventilation, 641 
problems, detection, 141-142 
rebreathing, 141 

types, flow/pressure waveforms, 303f 
Ventilation-induced lung injury, 417-419 
Ventilator-assisted children 
evaluation, 674 

home medical equipment/supplies, 

673b 

Ventilator-associated complications (VAC), 
patient positioning (impact), 325 
Ventilator-associated pneumonia (VAP), 525, 
659 

development, 525 

risk, minimization, 525 
diagnosis, 525 
existence, confirmation, 684 
therapy, forms, 525 
Ventilator CPAP (V-CPAP), 273 
Ventilator-dependent children, discharge, 
674 

Ventilator-derived CPAP (V-CPAP), 268 
Ventilator-induced injuries, 602-603 
Ventilator-patient interface (aerosols), 

181 

Ventilators 

backup mode, 309 
circuit, 326 

compression, impact, 324 
monitoring, 295-296 
disconnection, 330f 
frequency 

carbon dioxide elimination, 
relationship, 318 
decrease, impact, 332 
management, 488-489 
strategies, 313-316 

microprocessor ventilators, usage, 304 
selection, 672-673 
settings, management, 312-316 
monitoring requirements, 313 
strategies, 422t 
weaning 

difficulty, 422 
protocols, 489 
Ventilatory limitation, 79 
Ventilatory maneuvers, 595 
Ventricles, position, 16f 
Ventricular bulge, 14 
Ventricular septal defect (VSD), 474-475 
right/left ventricles, communication, 
474f 
types, 475 


Ventricular septum, muscular portion 
(continuation), 14-15 
Ventricular spaces, dilation, 14 
Venturi masks (air-entrainment masks), 
154-155 

Vernix caseosa, 43 

Vibrating mesh nebulizer (VMN), 168, 
172-173 

care/cleaning, 173 
experimental setup, 184f 
technique, 172-173 
types, 172 

Video-assisted thoracoscopic surgery (VATS), 
624, 629 

Video recording equipment, 106 
Viral bronchiolitis, surfactant replacement 
therapy, 260 
Viral meningitis, 583 
Viral pneumonia, 522-523 
acquisition, 425-426 
Viral vectors, study, 189 
Vital capacity (VC), 65-66, 84 

forced expiratory flow, relationship, 73 
Vital signs, 43 

Vocal cord dysfunction (VCD), 79 
adduction, 103 
evaluation, context, 105 
Vocal cord paralysis, 231 
Volume, 82 

compressible volume, 324 
ventilation, 305-306 

characterization, 305-306 
Volume-assured pressure support (VAPS), 

309 

Volume control ventilation (VCV), 305-306 
constant flow, advantage, 306 
Volume guarantee (VG), 309 
Volume loss, prevention, 326 
Volume-oriented incentive spirometers, basis, 
213-214 

Volume-regulated ventilators, 293 
adjustment, 293 
disadvantage, 293 
Volume support (VS), 309-310 
Volume-targeted, term (usage), 

306-307 

Volume/time scalar, air leak, 324f 
Volume-time spirometry graph, 71f 
Volumetric capnography, 139 
carbon dioxide-volume plot, 142 
Volutrauma, 326-328, 417-419 
avoidance, 309 
risk, reduction, 415-416 
VPAP III ST, 293-294 

w 

Warm-water drowning, 611 
Water seal method, 273 
Weaning 

concepts, 332-333 
CPAP, 279-280 
difficulty, 422 

infants, pressure-volume loops, 332f 
mechanical ventilation, 331-333 
process, 331 

success, prediction, 331-332 
Wet drowning, 610-611 
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Wharton’s jelly, 13 
usage, 49 
Wheezes, 104 
description, 57 
Wheezing, 56-57, 381 

infants, valved holding chambers (usage), 
176 

White biood cell (WBC) count, 58 
Wilson-Mikity syndrome, 416-417 
Work of breathing (WOB), 83, 320 
changes, 279 
imposition, 272 
increase, 320 


x 

Xanthine derivatives, usage, 419 
Xenon scan, 607 
Xiphisternum, protrusion, 48 
Xiphoid process, protrusion, 48 
X-linked genetic disorder, 637 

Y 

Yankauer suction tip, 107 
Young children 

aerosol device selection, 180 
postural drainage positions, 200f 
Young, Thomas, 245-246 


Zafirlukast (Accolate), 383 
absorption, 383 
adverse events, 383 
dosage/administration, 383 
Zileuton (Zyflo), 382 
adverse events, 382 
approval, 382 

dosage/administration, 382 
Zygote, 13 


